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PREFACE 


Recent developments in the science of organic chemistry 
have made it desirable to rewrite portions of this book. In this 
edition the structure of sucrose has been revised on the basis 
of the researches of Haworth and his associates. Thyroxine 
and two other amino acids have been added to the list of the 
hydrolysis products of proteins. The discussion of Robertson's 
theory of protein salt formation has been replaced by a state- 
ment setting forth the views of Osborne, Cohn, Vickery, and 
Schmidt. Dissociation constants of acids and bases have been 
added to the lists of physical constants. The section dealing 
with general organic reactions has been expanded. Nearly 
every section of the book has been improved either by the 
addition of new material or by a better organization of the 
original subject matter. 

The book has three main divisions. The first part is devoted to 
the aliphatic compounds ; the second deals with the aromatic 
compounds; and the third constitutes a review of the more 
important general organic reactions. The book is readily 
adapted to the requirements of a short course. When it is used 
as a text in an introductory course to be completed in one semes- 
ter it is well to omit the chapters on Cyanides and Cyanates, 
The Ammonia System, Free Radicals, Essential Oils, The 
Alkaloids, and the entire section on General Organic Reactions. 

There are many references to current literature and to dis- 
cussions presented in the following books : Meyer and Jacobson, 
Lehrbuch der organischen Chemie; Richter, Chemie der 
Kohlenstoffverbindungen ; Beilstein, Handbuch der organischen 
Chemie ; Sidgwick, Organic Chemistry of Nitrogen ; Cohen, 
Organic Chemistry; Weyl, Die Methoden der organischen 
Chemie; Pictet, The Vegetable Alkaloids; and Mulliken, 
Identification of Pure Organic Compounds. The list is given 
here not only as an acknowledgment of indebtedness to the 
authors but also for the purpose of directing the attention of 
the student to a very valuable group of reference books. 

C. W. PORTER 
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THE CARBON COMPOUNDS 


INTRODUCTION 

The use of the terms organic and inorganic as applied to 
chemistry developed as a result of attempts to classify chemi- 
cal substances on the basis of origin. All compounds formed 
in the tissues of living organisms — plants and animals — were 
called organic. Those found in the mineral kingdom were called 
inorganic compounds. The earlier chemists believed that it 
would never be possible to synthesize organic compounds except 
through the agency of life. It is still customary to attribute to 
vital forces many phenomena that cannot be reproduced by 
artificial means; but the element of mystery is disappearing, 
and every year experimental methods are developed to make 
new inroads upon the domain of vital forces. Already hundreds 
of compounds that are typical products of living cells have 
been synthesized from inorganic sources in the apparatus of 
the laboratory. They have been built up through applications 
of the general laws of physics and chemistry, without the in- 
tervention of mysterious forces. The majority of these com- 
pounds contain carbon, and, owing to certain peculiarities of 
carbon recognized only within the last century, the study of 
these compounds seemed hopeless to the earlier investigators. 
We now define organic chemistry as the chemistry of carbon 
compounds. 

Approximately 230,000 compounds of carbon are known. 
The vast majority of these contain carbon with one or more 
of the following elements: hydrogen, oxygen, nitrogen, sul- 
fur, chlorine, bromine, iodine, phosphorus. 

Analytical methods. The practical methods used to purify 
and identify these substances, as well as the methods of analysis, 
are explained in detail in the laboratory manual.* The prin- 
ciples underlying the analytical procedures are very simple, 

* Porter, Stewart, and Branch, The Methods of Organic Chemistry. Ginn and 
Company. 
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but it requires very great skill in the manipulation of appa- 
ratus to secure accurate results. 

Carbon and hydrogen are determined by oxidizing the sam- 
ple with hot copper oxide. The hydrogen contained in the 
sample is converted quantitatively into water, which is ab- 
sorbed by calcium chloride or sulfuric acid, and weighed. 
The carbon of the sample is simultaneously converted into 
carbon dioxide, which is absorbed by potassium hydroxide 
solution, and weighed. When an organic nitrogen compound 
is decomposed by hot copper oxide, and the resulting gases 
are passed over hot metallic copper, nitrogen escapes in the 
free state. The gas is collected, freed from carbon dioxide by 
means of sodium hydroxide, and finally measured in a gas 
burette over water or mercury. A qualitative test for nitrogen 
is made by heating the compound with sodium and testing the 
product for cyanide ion. An aqueous extract of the fused mass 
is treated with ferrous and ferric sulfates, then acidified. A 
blue precipitate of ferrous-ferric cyanide reveals the presence 
of nitrogen. The reactions may be represented as follows: 

Carbon-nitrogen compound + Na — > NaCN. 

6 CN- + Fe+ + — *■ Fe(CN) 6 . 

4 Fe+++ + 3 Fe(CN) a — >- Fe 4 [Fe(CN) 6 ] 3 . 

A substance to be analyzed for sulfur is oxidized by con- 
centrated nitric acid at 300° C. in a sealed tube. The sulfur 
is converted into sulfuric acid. Barium chloride is added, and 
the sulfur is estimated from the weight of barium sulfate 
precipitated. In the same way phosphorus is converted into 
phosphoric acid, then estimated by the usual inorganic proce- 
dure. Halogen compounds are heated in sealed tubes with fum- 
ing nitric acid and solid silver nitrate. The silver halide formed 
is washed and weighed. A combustion method for analyzing 
halogen compounds has been developed by Reid. The halogen 
is absorbed by a mixture of powdered silver and silver oxide.* 

Classification. Organic compounds are classified as aliphatic 
or aromatic. The division referred to as aliphatic comprises the 
compounds in which the carbon atoms are linked together in 
open chains or rows. The name was originally applied to the 
fats. (<x A«<f><xp, "fat”). The fats now constitute only a minor group 

Reid. ’j.'Jtm. Chem. Soc., 34, 1033 (1912). 
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in the aliphatic division. The term aromatic was originally ap- 
plied to compounds characterized by agreeable aromas. Almond 
oil, cinnamon, and vanilla were among the natural products 
originally classified as aromatic. Most of the compounds that 
were grouped together on the basis of odor are derivatives of 
benzene, and now, without reference to odor, all derivatives of 
benzene are said to belong to the aromatic series. In benzene 
and in each of its homologues there is a closed chain or ring of 
carbon atoms. The members of the aromatic series, therefore, 
are often referred to as cyclic compounds. 

Homology. The study of organic chemistry is simplified by 
the fact that its thousands of compounds fall into a compara- 
tively few groups or classes. The individual members in a class 
have certain properties in common. In many cases the com- 
pounds constituting a class are so related that, when arranged 
in the order of their molecular weights, there is a constant dif- 
ference in composition between successive members. Such a 
group of compounds constitutes a homologous series. We 
have, for example, the hydrocarbons methane, CH 4 ; ethane, 
C2H6 ; and propane, C3H8. The difference in composition be- 
tween successive members is CH2. Corresponding to this dif- 
ference in composition and molecular weight, there is a gradual 
change in properties such as density, solubility, and capacity to 
act with certain reagents. From the characteristics of a few of 
the lower, intermediate, and higher members of a homologous 
series we learn the trend in physical and chemical properties as 
applied to the group. We can then predict, with fair precision, 
the properties of any individual compound in the series. 

Isomerism. Compounds having the same elementary compo- 
sition and the same molecular weight, yet differing in chemical 
and physical properties, are known as isomers. Since isomers 
have the same empirical formula, the differences in properties 
must be due to different orientations of the atoms within the 
molecules. Ethyl alcohol and methyl ether have the formula 
C 2 H 6 0 . The arrangements of the atoms in the two molecules 
are represented by the structural formulas CH3 — CH 2 OH and 
CHs— 0 — CH 3 . In the alcohol the two carbon atoms are held 
together by a direct valence bond. In the ether an oxygen atom 
intervenes between the carbon atoms. In the alcohol there is 
a hydroxyl group. In the ether there is no hydrogen atom 
attached to oxygen. These structural details account for the 
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chemical and physical properties of the two compounds. Two 
hydrocarbons having the same empirical formula, C 4 H 10 , are 
represented by the following graphic or structural formulas: 

CH 3v 

CH 3 — CH 2 — CH 2 — CH 3 and >CH— CH 3 . 

ch-/ 

There are other types of structural differences that give rise 
to isomerism. Asymmetric molecules, as much alike as an ob- 
ject is like its own mirror image, are not identical in properties. 
Such pairs of compounds have similar groups attached to cor- 
responding atoms in the molecules, but the positions of these 
groups in space are not identical. The molecules constituting 
the pair are different in the same sense that the right and left 
hands are different. These are known as space isomers or stereo- 
isomers. Changes in the positions of atoms or groups with 
respect to a double bond or a triple bond may give rise to 
isomers. Any variation in the arrangement of the atoms in 
a molecule imparts new properties to the compound. Many 
examples will be considered in detail later. 

Valence. As early as 1804 John Dalton reached the conclusion 
that molecules of compounds are formed through the union of 
indivisible units which he called atoms. On the basis of this 
assumption it was possible to account for the law of definite 
proportions and the law of multiple proportions. Fifty years 
later Frankland* observed that each atom has a saturation 
capacity, now called valence, which can be measured in terms 
of the number of atoms of other elements with which it will 
combine. He was able to formulate a useful rule of valence 
which could be applied in most cases as an aid in writing the 
formulas of new compounds. Hydrogen was adopted as the 
reference element with a valence of 1 , for an atom of hydro- 
gen was not known to combine with more than one atom of 
any element. Since one atom of oxygen combines with two of 
hydrogen, the valence of oxygen was said to be 2. The physical 
interpretation of valence, in Frankland 's time, involved the 
assumption of a definite number of points on the surface of each 
atom admitting of mechanical attachment to corresponding 
points on other atoms. From the formulas CH 4 , C0 2 , and 
^Cl 4 , earbon was assigned a valence of 4. The maximum 

* Frankland, Phil, Trans., 142, 417 (1852). 
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capacity of an atom to combine with other atoms is not always 
reached in compound formation. In carbon monoxide, for ex- 
ample, the valence of carbon is 2. The valence of an atom is a 
measure of the number of chemical bonds that tie it to other 
atoms. This is the original meaning of valence and it is still a 
satisfactory definition of the term. 

It has become customary in inorganic chemistry to assign 
a positive or a negative sign to the number representing the 
valence of an atom or of a radical. In the compound BaCU the 
barium atom is said to have a valence of + 2 and each chlorine 
atom a valence of — 1. The sign of the charge is determined 
by the direction of migration of the corresponding ion when 
conducting a current of electricity, and its numerical value is 
determined by the quantity of electricity that it transports. 
The number of charges carried by an ion is numerically equal 
to the valence of the atom or radical constituting the ion, but 
we should make a distinction between the valence of barium, 
which is 2, and the charge carried by the barium ion, which is 
+ 2. The latter is appropriately called the polar number of 
barium. The charge on the sulfate ion, SO-sT - , is — 2 and the 
same is true ‘of the sulfite ion, S 03 ~~. The valence of either 
of these radicals is 2 and the polar number of each ion is — 2. 
When we speak of the valence of sulfur in the sulfate ion as 
+ 6, and in the sulfite ion as + 4, we are using the term valence 
to designate various states of oxidation. It is obvious that an 
old term is being overworked in an attempt to make it cover 
several phenomena. 

In this course we shall use the term valence in its original 
sense, and we shall employ the term polar number for the charge 
on an ion and for the hypothetical charge on an atom in an 
undissociated molecule. The valence of carbon in CH 2 CI 2 is 4. 
We may think of the polar number of carbon in this compound 
as 0 ; but since this compound does not ionize, the polar number 
assigned to the carbon atom is fictitious. 

In balancing oxidation and reduction equations, however, 
it is often advantageous to assign polar numbers to represent 
the various states of oxidation in which carbon atoms exist. 
Acetaldehyde, C2H4O, is oxidized to acetic acid, C2H4O2, by 
an acid solution of a permanganate. Assigning to each hydro- 
gen atom a polar number of + 1 and to each oxygen atom — 2, 
we find it necessary to assign a charge of — 2 to the two carbon 
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atoms in acetaldehyde in order to represent the molecule as 
electrically neutral. Similarly, we must assign a zero charge 
to the two carbon atoms in acetic acid in order to represent 
this molecule as an electrically neutral substance. We may 
think of the oxidation and reduction as the withdrawal of two 
electrons from the carbon atoms in each acetaldehyde mole- 
cule and the acquisition of five electrons by each manganese 
atom. The polar number of manganese changes from -f 7 in 
MnC> 4 _ to +2 in Mn ++ . The hypothetical polar number of 
carbon changes from — 1 in acetaldehyde to 0 in acetic acid. 
The equation for the reaction is balanced as follows : 


C2H4O + Mn0 4 ~ + H + — y H2O + Mn ++ + C2H4O2. 


Gain of 5 electrons 
Loss of 2 electrons 


We must use two moles of permanganate ion and five of acetal- 
dehyde to provide for the exchange of electrons between carbon 
and manganese. 

5 C2H4O + 2 Mn0 4 ~ + H+ — H 2 0 + 2 Mn++ + 5 C2H4O2. 


To balance the electrical charges (and also the atoms of oxy- 
gen and hydrogen), the complete equation becomes 

5 C2H4O + 2 Mn0 4 - + 6H+ 

— 3 H 2 0 + 2 Mn ++ + 5 C 2 H 4 O 2 . 


Nitrobenzene, C 6 H 5 NO 2 , is reduced to aniline, C 6 H 5 NH 2 , by 
treatment with iron and hydrochloric acid. The group CeHg 
remains unchanged. In order to estimate the charge on the 
nitrogen atom we may assign to the group CeHjs a polar num- 
ber of + 1 in each of the compounds containing this group, or 
we may neglect the group entirely, since it appears in the same 
form on both sides of the equation. Using the value of + 1 for 
the CeH fi group, — 2 for oxygen, and 0 for metallic iron, we 
may represent the electronic changes as follows : 


Fe + C 6 H 6 N0 2 + H + — v C 6 H 6 NH 2 + Fe++ + H 2 0. 

|-(- 3 to - 3 (a gain of 6 electrons)! I 

0 to 4- 2 (a loss of 2 electrons) 


We must use six atoms of iron to reduce two molecules of nitro- 
e or three atoms of iron to reduce one of nitrobenzene : 


'Pe%a0&N%4 H + — C 6 H 5 NH 2 + 3F.e ++ + HaO. 
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To balance the electrical charges we must use six hydrogen ions. 
The completed equation becomes 

3 Fe + C 6 H s N 0 2 + 6H+ — > C 6 H 5 NH 2 + 3 Fe + + + 2 H 2 0. 

If some molecules of a reagent are oxidized and other mole- 
cules of the same compound are reduced, the equation may be 
balanced in the same way. Let us consider a reaction between 
formaldehyde and ammonia. When the mixture is heated in an 
autoclave, the products formed are trimethylamine, (CH 3 ) 3 N, 
water, and carbon dioxide : 

CH 2 0 + NH 3 — > (CH 3 ) 3 N + C0 2 + H 2 0. 

I 0 to -2 (total, -6) | I 

0 to ~f* 4 (total, + 4) j 

The reduction of formaldehyde to trimethylamine involves a 
gain of two electrons for each carbon atom ; and since there are 
three carbon atoms in the product formed, six electrons must 
be provided. The oxidation of formaldehyde to carbon dioxide 
involves a loss of four electrons. Therefore trimethylamine 
and carbon dioxide molecules must be produced in the ratio of 
4 to 6, or 2 to 3. Expressing this ratio in the smallest possible 
whole numbers, we have 

CH 2 0 + NH 3 — * 2 (CH 3 ) 3 N + 3 C0 2 + H 2 0. 

To obtain nine carbon atoms and two nitrogen atoms, as now 
indicated, in the products of the reaction, we must use nine 
molecules of formaldehyde and two of ammonia : 

9 CH 2 0 + 2 NH 3 — *■ 2 (CH 3 ) 3 N + 3 C0 2 + 3 H 2 0. 

Oxidation and reduction equations may be balanced without 
reference to polar numbers by a device known as the method 
of half reactions. This system is familiar to all who are accus- 
tomed to writing equations for reactions occurring at the elec- 
trodes in electric cells. As an illustration let us consider the 
oxidation of alcohol to acetic acid by an acidic solution of 
potassium dichromate. One half of the reaction is the oxida- 
tion of alcohol molecules. The other half of the reaction is 
the reduction of dichromate ions. We shall balance these half 
reactions separately. 

Using water as the source of the necessary oxygen, and as- 
suming that in the oxidation process alcohol and water are con- 
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verted into acetic acid and hydrogen ions, the reaction is 

CH 3 CH 2 OH + H 2 0 — CH 3 COOH + 4 H+ + 4 e~. (1) 

To balance the positive charges on the hydrogen ions we include 
in the equation four electrons, e~ (four negative charges). 

Fourteen hydrogen ions are required to accomplish the con- 
version of Cr 2 07 into Cr + + + and H 2 O. 

Cr 2 0 7 — + 14 H+ — 2 Cr + + + + 7 H 2 0. 

So far as the elements are concerned this equation is balanced 
in its present form, but the electrical charges are not balanced. 
We have an excess of twelve positive charges on the left side 
and only six positive charges on the right side of the arrow. 
We must adjust this difference by adding six electrons to the 
left-hand side of the equation, which becomes 

O 2 O 7 -- + 14 H+ + 6 e~ — 2 Cr + + + + 7 H 2 0. (2) 

The equation in this form indicates that the oxidizing capacity 
of the dichromate ion is six equivalents per mole. 

Before these half reactions ( 1 ) and (2) can be combined we 
must have as many electrons supplied by one reaction as are 
used by the other. We are using 6 e~ in equation (2) and pro- 
ducing 4 e~ in equation ( 1 ). Multiplying equation ( 1 ) by 3 
and equation ( 2 ) by 2 , we have 12 e~ in each half reaction, and 
these cancel out when the two half reactions are added. 

3 CH 3 CH 2 OH + 3 H 2 0 — 3 CH 3 COOH + 12 H+ + 12 e~ (3) 
2 O 2 O 7 -— + 28 H+ + 12 6“ — ► 4 Cr + + + + 14 H 2 0. (4) 

Adding equations (3) and (4) and canceling electrons, ions, 
and molecules so far as they occur on both sides of the arrow, 
we obtain a balanced equation (5) for the complete reaction. 

3 CH 3 CH 2 OH + 2 O 2 O 7 ~h 16 H”*” 

— >- 3 CH 3 COOH -f 4 Cr+ + + + 11 H 2 0. (5) 

Although this equation was derived from a consideration of 
hypothetical half reactions, it accurately represents the result 
of adding alcohol to an acidic solution of a dichromate. The 
chief merit of the half reaction system is that it requires no as- 
sumption concerning the distribution of charges in the reacting 
io^s and molecul'es. It is based upon the number of electrons 
lost oingained’and not upon the orientation of these elfctrona 
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HYDROCARBONS 

THE METHANE SERIES 

The hydrocarbons are compounds composed of hydrogen and 
carbon only. They constitute the simplest types of carbon 
compounds, and from them all others may be derived ; but in 
many cases the processes involved in making other classes of 
compounds from hydrocarbons are neither simple nor direct. 

L The hydrocarbons are classified as saturated or unsaturated 
the basis of their tendencies to form substitution or addi- 
tion products. | Chlorine, for example, may react with a hydro- 
carbon by addition, forming a compound which contains a 
definite amount of chlorine in addition to all the carbon and 
hydrogen of the original molecule ; with another hydrocarbon 
chlorine may react only by replacing an equivalent amount of 
hydrogen, chlorine atoms in this case being substituted for hy- 
drogen atoms. / Compounds that form addition products are 
unsaturated; those that form substitution products only are 
saturated, y 

The saturated hydrocarbons are closely related to each other 
in chemical composition and molecular structure. The sim- 
plest member of the group is methane, CH 4 , commonly called 
marsh gas, and the entire group is known as the methane series. 
The group is referred to also as the paraffin series or the satu- 
rated series. / Physical constants of a few saturated hydro- 
carbons are given in the table on the following page. 

The first four members of the series are arbitrarily named 
methane, ethane, propane, and butane. The name of each 
higher member is derived from the Greek numeral correspond- 
ing to the number of carbon atoms in the molecule./lt will be 
observed that the members of the series differ from each other 
in composition and molecular weight by CH2 or n times CH 2 . 
They correspond to the general formula C n H 2n+2 . They con- 
stitute a homologous series, that is, a series of compounds 

9 
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so related that when arranged in the order of increasing mo- 
lecular weights there is a constant difference in composition 
between successive members. 

Paraffin Hydrocarbons * 


Name 

Formula 

Melting Point 

Boiling 

Point 

Specific Gravity 

Methane .... 

CH 4 

-184° 

- 161.4° 

0.415 (at -164°) 

Ethane 

C 2 H 0 

-172° 

- 88.3° 

0.546 (at - 88°) 

Propane .... 

C 3 H 8 

-189° 

- 44.5° 

0.585 (at -44.5°) 

Butane^, .... 

C 4 H 10 

— 135° 

+0.6° 

0.600 (at 0°) 

Pentane .... 

C 5 H 12 

-131.5° 

36.3° 

0.627 (at 14°) 

Hexane .... 

CeHu 

- 94.3° 

69.0° 

0.660 (at 20°) 

Heptane .... 

CyHie 

-90° 

98.4° 

0.683 (at 20°) 

Octane 

CsHi8 

- 56.5° 

124.6° 

0.702 (at 20°) 

Nonane .... 

C 9 H 20 

-51° 

150.6° 

0.718 (at 20°) 

Decane 

C 10 H 22 

-32° 

174° 

0.747 (at 0°) 

Undecane . . . 

C 11 H 24 

-26.5° 

197° 

0.773 (at m.p.) J 

Dodecane .... 

C 12 H 26 

-12° 

216° 

0.774 (at m.p.) 

Tetradecane . . 

C 14 H 30 

+ 5.5° 

252.5° 

0.775 (at m.p.) 

Hexadecane^ . . 

C 16 H 34 

20° 

287.5° 

0.775 (at m.p.) 

Eicosane .... 

C 20 H 42 

38° 

205° f 

0.777 (at m.p.) 

Heneicosane . . 

C 21 H 44 

40.4° 

215° f 

0.778 (at m.p.) 

Tricosane .... 

C 23 H 48 

47.4° 

234° f 

0.779 (at m.p.) 

Hentriacontane . 
Hexacontane . . 

CsiHc4 

CqoHi22 

68.1° 

101° 

302° f 

0.781 (at m.p.) 


Properties. The saturated hydrocarbons are inert, unre- 
active, and very stable. The first four members (Ci to C4) 
are gases at ordinary temperatures and pressures. The next 
twelve members (C5 to Cie) are liquids, and those of still higher 
molecular weight are solids. The melting points and boiling 
points become higher as the molecular weights increase. The 
densities increase in the same order but never exceed the 
density of water. They are all practically insoluble in water 
but completely miscible in each other. The gases are odorless ; 
the liquids have odors resembling petroleum, which is a mixture 
of all of them; and the solids are nearly odorless. All are color- 
less when pure. The liquid members have a burning taste ; 
the higher members are tasteless./ ,, ^ 

The saturated hydrocarbons are attacked very slowly O^Saol 
at ; aft by the ordinary reagents of the laboratory. Potassium 
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permanganate solution has no effect upon those of low molecu- 
lar weight, but it does decompose some of the higher members 
of the series. yConcentrated sulfuric acid combines with the 
solid paraffins; forming sulfonic acids — a hydrogen atom of 
the hydrocarbon being replaced by the SO3H group. Con- 
centrated nitric acid acts upon some of the hydrocarbons, re- 
placing a hydrogen atom by the NO2 group. They are not 
affected by sodium hydroxide nor by the free alkali metal. All 
hydrocarbons bum when heated with air or oxygen. If oxygen 
is present in abundance, the products of combustion are carbon 
dioxide and water. Heat alone decomposes the higher hydro- 
carbons, the products being saturated and unsaturated hydro- 
carbons of lower molecular weight, and hydrogen. 

In direct sunlight a mixture of methane and chlorine explodes, 
with the formation of hydrogen chloride and the deposition of 


free carbon : 


CH4 + 2 CI2 — *■ 4 HC 1 + C. 


With bromine this reaction does not occur; but fluorine and 
methane explode when mixed, even in the dark and at low 
temperatures. Iodine fails to react with any saturated hydro- 
carbon. In diffused light at low temperatures, and more 
rapidly as the temperature is raised or the intensity of the light 
is increased, chlorine and- bromine act upon the hydrocarbons, 
producing substitution products^ The action of chlorine on 
methane is typical and may be represented by the following 
equations : ^ + ^ + HC1 . 

• Methyl 

chloride 

CH3CI + Cl 2 — CH2CI2 + HCl ; 

Methylene 

chloride 

CH 2 C 1 2 + Cl 2 — > CHCI3 + HCl ; 

Chloroform 

CHCI3 + Cl 2 — ► bcu + HCl. 

Carbon 

4 tetrachloride 

Mixed products are obtained when a halogen acts upon a 
iatirnted Bydpoqatbbri; for all these reactions occur at the 
same time. The different possible reactions do not proceed at 
equal rates^and on this account direct substitution becomes a 
practieal’method for making some of the derivatives of methane 
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The second, third, and fourth reactions shown above are all 
faster than the first one. As a result of the difference in rates, 
carbon tetrachloride is the only one of the four possible products 
that can be obtained in good yield through the direct action of 

chlorine on methane. . 

The homologues of methane react with chlorine and bromine 
in the same way, except that the reaction becomes slower with 
increasing molecular weight, and in compounds containing more 
than three carbon atoms it is not possible to remove all the 
hydrogen by direct substitution. 

Alkyl radicals. Many different types of compounds may be 
derived from a saturated hydrocarbon by substituting for 
hydrogen another element or a group of elements. A relation- 
ship between various classes of compounds derived from the 
hydrocarbons may be seen in the following formulas : 


ALCOHOLS 

. Alkyl Chlorides 

Nitriles 

Acids 

CH3OH 

C2H5OH 

C3H7OH 

CnIWiOH 

CH3CI 

C2H5CI 

C 3 H 7 C 1 

CnH2n+ lCl 

CHaCN 

C2H5CN 

C3H7CN 

CnH2w+lCN 

CHoCOOH 

C 2 H fl C OOH 
C3H7COOH 
C w H 2 n+iCOOH 


The groups CH 3 , C 2 H 5 , and so on are found in all classes 
of aliphatic compounds. These univalent groups, derived from 
aliphatic hydrocarbons by the removal of one hydrogen atom, 
are called alkyl radicals. They do not exist independently. 
They occur only in combination with other elements or groups.- 
An alkyl radical is named from the hydrocarbon having the 
same n um ber of carbon atoms, the termination am being 
changed to yl. Thus CH 3 is methyl, C2H5 ethyl, C3H7 propyl, 
C4H9 butyl, and so on.' The letter R will be used as a symbol 
for any alkyl radical, and X will be written as a symbol for 
any halogen. It will be convenient at times to use general for- 
mulas representing classes of compounds instead of specific 
formulas representing individual members of a class. Thus the 
formula RI may be used for any alkyl radical combined with 
iodine, and RX is a general formula for any alkyl radical in 
combination with any halogen atom. 

Methane. CH* is a colorless, odorless gas. It burns with 
a pale blue flame, forming carbon dioxide and water. Only 
5.4 cc. of the gas will dissolve in 100 cc. of water at 0°. Its 
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solubility in alcohol is 52.2 cc. per 100 cc. of the solvent. It 

O forms an explosive mixture with air and has caused man y 
J disastrous explosions in coal mines, where it issues from the 

Y crevices in the coal seams. The miners call it "fire-damp.” 

Y Methane is a component of the gases escaping from petroleum 
.and natural gas wells. It is formed wherever vegetable matter 

vdecays under water and it constitutes the chief component of 
marsh gas. It is produced in large quantities in the distillation 
of coal. The coal gas manufactured for heating and lighting 
purposes is from 30 to 40 per cent methane. Methane boils 
at — 161.4° and solidifies at — 184°. Its critical temperature is 
— 82° and its critical pressure 55 atmospheres. 

Preparation of methane. Methane may be obtained by the 
following methods : 

1. By distilling dry sodium acetate with soda lime (a mixture 

-Opf sodium hydroxide and lime) : 

O CH 3 COONa + NaOH — > CH 4 + Na 2 C0 3 . 


<P 


4r 


2. By the action of water on methyl magnesium iodide : 
CH 3 MgI + HOH — > CH 4 + MglOH. 


3. By heating to 300° C. a mixture of carbon monoxide or 
CP carbon dioxide and hydrogen in the presence of finely divided 

A nickel : CO + 3 H 2 — > CH 4 + H 2 0 ; 

1 C0 2 + 4 H 2 — > CH 4 + 2 H 2 0. 


4. By the action of water on aluminum carbide : 


A1 4 C 3 + 12 H 2 0 — > 3 CH 4 + 4 Al(OH) 3 . 

General methods for preparing hydrocarbons. The first and 
{'■'■second methods listed for the preparation of methane are ap- 
^'*pli ca tions of general reactions. 

1. The sodium salt of an acid when distilled with soda ljjne 
J yields a hydrocarbon with one less carbon atom than was 
present in the acid. Sodium acetate, CHsCOONa, was used to 
make methane. To prepare ethane by this method a salt of 
propionic acid, C2H5COOH, must be used : 

C 2 H 5 COONa + NaOH — 1- C 2 H 6 + Na 2 C0 3 . 

The method applies to the formation of all the gaseous and 
liquid hydrocarbons of the saturated series. 
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2. An alkyl magnesium halide on hydrolysis yields a hydro- 
carbon. The reagent is prepared by dissolving metallic mag- 
nesium in an ether solution of an alkyl chloride, bromide, or 
iodide. To prepare propane by this method propyl magnesium 
halide is employed. The reaction with propyl bromide is repre- 
sented by the equation & 


cjfiSr + Mg 


C 3 H 7 ltegBr. 


The hydrolysis of this product is accomplished by treatment 
with cold water : C. O ^5 ft'' I t f V ^ 

C 3 H 7 MgBr + HOH — > C 3 H 8 % MgOHBr. 


3. A method devised by Wurtz for building up the higher 
members from those of lower molecular weight consists in re- 
moving halogen atoms from alkyl halides by means of zinc or 
sodium. The metallic halide is formed and the alkyl radicals 
unite to form hydrocarbons. For example, chlorine is removed 
from methyl chloride and the methyl groups combine in pairs to 
form ethane : 

v CHsCl CH 3 

\\ + 2 Na — *- 2 NaCl + | < 

ch 3 ci /ch 3 

V 

A mixture of ethyl chloride and methyl chloride with sodium 
yields the next higher member, propane : 


C2H5CI C 2 H 6 

+ 2 Na — 2 NaCl + 1 

ch 3 ci ch 3 


In this ease ethane is produced at the same time from pairs 
of methyl groups, and butane from the union of ethyl radicals. 
The mixed gases are not easily separated and the method is not 
a practical one on that account. It is, however, a reaction of 
grgat theoretical interest, for it establishes a genetic relation- 
ship between the different hydrocarbons. 

Structure and isomerism. Compounds having the same com- 
position and the same molecular weight, but differing in prop- 
erties, are called isomers. The structure theory accounts for 
the existence of isomers. 

The structure theory is based upon the belief that the four 
valences of carbon are equal and that these valences are exer- 
cised at points corresponding to the apexes of a tetrahedron. 
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In methane, therefore, the four hydrogen atoms are symmetri- 
cally placed with reference to the carbon atom as shown below. 
This structure satisfactorily accounts for the chemical and 
physical properties of methane. 



We ordinarily write structural formulas in form II, but we 
must not forget that such a formula is merely a projection on a 
plane surface of a three-dimensional figure. 

Ethane is derived from methane by the replacement of one 
of the four similarly placed hydrogen atoms by CH3. It makes 
no difference which hydrogen is replaced ; only one structure 
is possible for the resulting compound, namely: 

H H 

I I 

H— C— C— H, 


H H 

This structural formula of ethane is a projection on one plane 
of a three-dimensional body, supposed to be made up of two 
tetrahedral carbon atoms attached at one apex of each and 
holding one hydrogen atom at each of the other six points. 
Obviously, the six hydrogen atoms in ethane are similarly 
placed. Each bears the same relation to the molecule as does 
any other. Substituting a methyl group for one of the hydrogen 
atoms in ethane results in the formation of propane : 

H H H 

H— C— C— C— H or CHs— CH 2 — CH 3 . 

H H H 

The same process of substitution applied to propane yields 
butane, but the hydrogen atoms in propane are not all in 
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similar positions. Six of them are in like positions on termi- 
nal carbon atoms. Two of them occupy like positions (but 
different from the other six) on the central carbon atom. 
Substituting CH3 for one of the terminal hydrogen atoms in 
CH3 — CH2 — CH3 produces a butane, C4H10, having the struc- 
ture CH3 — CH2 — CH2 — CH3. Replacing one of the central 
hydrogen atoms by CH3 would yield a molecule, C4H10, having 
the structure ^ 


CH 3 


According to the structure theory, then, there should be two 
different compounds having the formula C4H10. Two butanes 
are actually known. Normal butane, the compound having a 
straight chain of carbon atoms, boils at 0.6° C., and isobutane, 
the branched-chain compound, boils at — 10.2° C. 

All possible structures for the pentanes may be derived in 
the same way from the butanes : 


Butanes 

ch 3 — ch 2 — ch 2 — ch 3 


Pentanes 

CHa— CH 2 — CH 2 — CH 2 — CH 3 

■CH 3 — CH 2 — CH— CH s 

I 

CH 3 


( 1 ) 

( 2 ) 


ch 3 —ch— ch 3 
I 

CHa 



( 3 ) 


( 4 ) 


Apparently there should be four pentanes, but close inspection 
reveals the fact that formulas (2) and (3) are identical struc- 
tures. The number is therefore reduced to three. Three, and 
only three, pentanes are known. They are liquids boiling at 
36.3°, 28°, and 9.5° C. respectively. 

The possible structures increase in number rapidly as the 
number of atoms in the molecule increases. There are five 
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hexanes, nine heptanes, eighteen octanes, thirty-five nonanes, 
seventy-five decanes, and so on. Not all these possible struc- 
tures have been built up, for chemists have had more im- 
portant tasks to perform; but the methods for synthesizing 
a compound of any given structure have been developed and 
could, no doubt, be applied in all these cases. 

Nomenclature. The existence of isomers renders inadequate 
the system of nomenclature that was outlined above (p. 9). 
The plan commonly employed is that of naming every paraf- 
fin hydrocarbon as a derivative of methane. Just as CH 3 C 1 , 
CH2CI2, and CHC^Br would be called chloromethane, di- 
chloromethane, and bromodichloromethane, respectively, so 
the three pentanes, 


CHa— CH 2 — CH 2 — CH 2 — CH 3 

(1) 

ch 3v * 

>CH— CH 2 — CH 3 

ch 3 / 

(2) 

CH 3x * /CHs 

>c< 

CH/ X CH 3 

( 3 ) 


may be-named (1) diethyl methane, (2) dimethylethyl methane, 
and ( 3 ) tetramethyl methane. The atoms marked * are the 
methane carbon atoms in the structures corresponding to these 
names. Any carbon atom in the molecule may be chosen as 
representing the methane residue, and several different names 
might be applied to the same compound. This causes no con- 
fusion, however, for, while a single compound might be known 
by different names, two different compounds cannot have the 
same name. If in each of the examples just given we select 
the next carbon atom to the right of the one marked * as being 
the methane carbon, the names become (1) methylpropyl 
methane, ( 2 ) methylisopropyl methane, and ( 3 ) tertiary butyl 
methane. The isomeric forms of the alkyl radicals are dis- 
tinguished by appropriate names. The propyl group, C3H7 — , 
may be CH 

CH3 — CH 2 — CH 2 — or \cH— . 

ch 3 / 

The first is normal propyl and the second isopropyl. 
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The butyl radical, C4H9 — , may have the structures 


ch 3 — ch 2 — ch 2 — ch 2 — , * 

(1) 

CH3. 

>CH— CH 2 — 

CH/ 

(2) 

CH 3 \ 

CH3-7C — . 

CH/ 

( 3 ) 


The first is normal butyl (straight* chain). The second is 
isobutyl (branching at the end of the chain as in isopropyl), 
and the third is tertiary butyl. The carbon having the free 
valence in (3) is a tertiary carbon atom; that is, it is linked 
to three other carbon atoms. A carbon atom if linked to two 
other carbon atoms is called secondary, and if attached to only 
one other is said to be a primary carbon atom. 

In the year 1892 an international congress of chemists assem- 
bled in Geneva to devise a uniform and scientific system of no- 
menclature for chemical compounds. According to the Geneva 
system a hydrocarbon is named as a derivative of the normal 
compound corresponding to the longest continuous chain of 
carbon atoms in the molecule. For example, there are five 
carbon atoms in the longest continuous chain in the structure 

CHs— CH 2 — OH— CH 2 — CH 3 ' 

r 

gh 3 

The compound is called 3-methyl-pentane. The numeral 3 
placed before the name indicates that the methyl group is 
attached to the third carbon atom in the pentane chain. A 
compound having the structure 

CH 3 

Cft 3 — CH 2 — CH— CH 2 — i— CH 2 — CH 2 — CH s 

ift 3 Ah 2 -ch 3 

is called 3-methyl-5-methyl-5-ethyl-octane. The similar groups 
that are attached to the main chain of atoms may be listed 
together, making the name 3, 5-dimethyl-5-ethyl-octane. In 
applying this system it is important to locate the longest con- 
tinuous chain of carbon atoms. Adherence to this rule avoids 
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having -a single compound listed in the chemical literature under 
several names. The following compound, for example, should 
be named 3-methyl-6-ethyl-octane. 


CH 3 — CH— CH 2 — CH 2 — CH— CH 2 — CH 3 

in 2 — ch 3 ch 2 — ch 3 


It should not be named 2, 5-diethyl-heptane, although this name 
describes the structure accurately and would be understood as 
referring to this particular compound. The Geneva system 
provides for the naming of complex structures of all kinds, but 
it is beyond the scope of this book to outline the plan in detail. 
The system is described in Beilstein’s " Handbuch der orga- 
nischen Chemie.” 

Petroleum. 'The chief natural source of the paraffin hydro- 
carbons is petroleum. The crude oil usually contains nearly 
all the members of the series from CH 4 to C 27 H 56 and limited 
quantities of those of higher molecular weights. Unsaturated 
hydrocarbons, together with small quantities of compounds 
containing oxygen, nitrogen, and sulfur, are present also. 

The origin of petroleum is unknown. Many theories have 
been advanced to account for the vast deposits, but no satis- 
factory explanation has yet been made. Mendelejeff believed 
that the hydrocarbons were formed by the actioii of water on 
metallic carbides. His theory is unsatisfactory, fop the composi- 
tion of petroleum from all sources should be quite uniform if 
formed in this way. No uniformity exists. Penhsylvania oil 
is composed almost entirely of paraffin hydrocarbons. Oils 
from California, Texas, Oklahoma, and Kansas contain anthra- 
cene, naphthalene, and other benzene derivative^ in addition 
to paraffins. Russian oils are rich in naphthalene and its 
homologues. 1 

According to Engler petroleum was formed from the fat of 
animal tissues. This theory applies especially to oils which 
contain nitrogen and sulfur compounds. A similar theory, 
based on the nature of the nitrogen compounds found in pe- 
troleum, has been advanced by Mabery. 

Petroleum is classified as "paraffin-base” oil if the solid 
residue is rich in hydrocarbons of the paraffin or methane 
series. It is known as an "asphaltic-base” oil if in the heavier 
portions asphalt predominates. Asphalt is a black, solid, hetero- 
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geneous substance composed largely of polymers of aromatic 
and aliphatic hydrocarbons and some of their oxidation prod- 
ucts. It usually contains sulfur and nitrogen compounds. As- 
phalt is insoluble in water and in alcohol but it dissolves 
readily in benzene, acetone, and carbon disulfide. Paraffin 
and asphalt may be separated by extraction of the former 
with alcohol. /■ 

Crude petroleum varies in color from greenish red to black 
and varies in specific gravity from 0.76 to 0.98. By distilla- 
tion it is separated into several fractions. Gasoline is a 
mixture of hydrocarbons boiling between 50° C. and 225 C. 
The United States government specifications for gasoline are 
as follows : 


Distillation 

First drop in the receiver . 
20 % in the receiver . . . 
50 % in the receiver . . . 
90 % in the receiver . . . 
Final boiling point . . . . 


Temperature 
Not over 55° 
Not over 105° 
Not over 140° 
Not over 200° 
Not over 225° 


The corresponding temperature range for kerosene is approxi- 
mately 150° C. to 300° C. In actual practice the gasoline range 
is determined by specific-gravity measurements and not by 
reference to boiling points. Lubricating oil, paraffin wax, and 
vaseline are mixtures of hydrocarbons of high molecular weight. 
They are obtained from petroleum. At high temperatures the 
higher hydrocarbons decompose with the production of paraf- 
fins and olefins of lower molecular weight. The production of 
low-boiling hydrocarbons from the higher-boiling fractions of 
petroleum is called a ''cracking” process. The manufacture 
of gasoline by thermal decomposition of higher-boiling frac- 
tions is an important commercial activity. Gasoline produced 
by the cra cking process differs in some respects from that ob- 
tained in the ordinary distillation of crude oil. It is charac- 
terized by the presence of a higher percentage of unsaturated 
compounds. 

Shale. In many localities there are large deposits of soft 
brown or gray shale containing complex carbon compounds. 
At dull red heat the crushed rock yields its organic matter in 
the form of gaseous and liquid hydrocarbons, paraffin, and 
amm onia. The crude mixture of hydrocarbons is refined by 
distillation, as in the case of petroleum. Hydrocarbon oils are 
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not present as such in shale. They are formed from more 
complex carbon compounds during the process of distillation. 
The yield of oil obtainable from shale varies from zero to ninety 
gallons per ton. The richest and most extensive deposits in the 
United States are in Colorado, Utah, Wyoming, and Montana. 
The distillation of shale for fuel oil has been an established com- 
mercial industry in France and Scotland since 1850. 


THE ETHYLENE SERIES 

Ethylene, C2H4, a gas with a faint, sweet odor, was named 
by the early chemists olefiant (oil-forming) gas because it 
combines with chlorine and bromine, forming oily liquid prod- 
ucts. Hydrocarbons derived from ethylene, corresponding in 
composition to the general formula C„H 2 „, are called olefins or 
alkylenes. The members of this series differ in many ways from 
the saturated hydrocarbons. They combine with chlorine and 
bromine by direct addition, forming halogen derivatives with- 
out loss of hydrogen. Each hydrocarbon in this series contains 
two less hydrogen atoms than the saturated hydrocarbon 
having the same number of carbon atoms. Theoretically the 
first member of the series should be methylene, CH2, but this 
has never been isolated. The simplest known olefin is ethylene, 
C2H4. 

Ethylene Hydrocarbons 


Name 

Formula 

Boiling 

Point 

Ethylene 

ch 2 =ch 2 

- 103.8° 

Propylene 

ch 3 — ch=ch 2 

— 47° 

Butylene 


0 

00 

tH 

1 

Ethylethylene 

C 2 H 5 — CH=CHa 

Sym. dimethylethylene 

CH 3 — CH=CH— CHa 

+ 1.4° 

Isobutylene 

(CH 3 )aC=CHa 

- 6° 

Amylene 

CHs— CHa— CHa— CH=CHa 

+ 40° 

Normal propylethylene 

Isopropylethylene 

(CHa)jCH— ^CH==CHa 

20.1° 

Sym. methylethylethylene . . . 

CH 3 — CH=CH— CaHs 

36.4° 

Unsym. methylethylethylene . . 

(CHs) (CaHa)C=CHa 

32° 

Trimethylethylene 

(CHa)aC=CH— CHa 

38.4° 

Hexylene (normal) 

C 4 H 9 — CH=CHa 

64.1° 

Heptylene (normal) • 

CjHu— CH=CH 3 

99° 

Octylene (normal) 

c«h 13 — ch=ch 2 

123° 

Decylene (normal) 

CsHit— CH=CH a 

172° 
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There are three possible structures for ethylene : 


H \ 

H-^C — CH 

h/ 



Hs 

H' 



in 


In formula I the unsaturated condition of the molecule is 
represented by a carbon atom attached to only two other 
atoms. Such a compound would be a bivalent free radical and 
its addition product with chlorine would be CH 3 • CHCI 2 , both 
chlorine atoms being attached to the same carbon atom. 
By the action of phosphorus pentachloride on acetaldehyde, 
CH 3 • CHO, the oxygen of the aldehyde is replaced by two 
chlorine atoms, yielding a product with this structure. It bears 
very little resemblance to the addition product formed from 
ethylene and chlorine. The latter, therefore, must have one 
chlorine atom attached to each of the two carbon atoms, and 
formula I must be abandoned. Formula II represents each 
carbon atom as trivalent. If carbon can exist in stable com- 
pounds in the trivalent state, there is no logical explanation 
for the fact that whenever an unsaturated compound forms an 
addition product with hydrogen or a halogen or with any other 
reagent it does so by combining with two atoms of hydrogen or 
of a halogen or, in general, with two equivalents of the atoms 
or ions of the reagent used. Since addition always involves a 
pair of atoms, ions, or radicals, we must conclude that formula II 
is unsatisfactory. Formula III represents two carbon atoms 
linked to each other by a double bond, two of the four valences 
on each carbon atom being exercised in holding carbon to car- 
bon. The activity of such a molecule is attributed to the strain 
involved in bringing the relatively fixed valence positions near 
enough together to admit of such a union. Addition of a halo- 
gen is interpreted, on the basis of this formula, as due to break- 
ing the double bond, thereby allowing each of the carbon atoms 
to hold a halogen atom. The structure of the chlorine addition 
product formed with ethylene then becomes CH 2 C1 • CH 2 C1, 
a structure that is in harmony with all known methods for its 
preparation. 

Ethylene was made in large quantities during the war of 1914-1918- 
It was used in the manufacture of the very poisonous /3-/3-dichlorOethyl 
sulfide, commonly called mustard gas. The compound is an oily liquid 
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(b.p. 216°, f.p. 14°). Its vapor, when inhaled, acts as a slow but certain 
poison. It penetrates the skin also and produces serious burns. It is formed 
by passing ethylene gas into a solution of sulfur dichloride in carbon 
tetrachloride : 


Cl 


g/' 

5 \ci 


+ 2 CH 2 : CH 2 • 


i /CH 2 CH 2 C1 
-^ S \ 

\ch 2 ch,ci 


Unsaturated compounds are quite susceptible to oxidation 
by permanganates and by dichromates, whereas the saturated 
hydrocarbons are not affected by these reagents. When mixed 
with oxygen or air, and ignited, the saturated hydrocarbons 
bum at least as readily as do the unsaturated compounds of 
approximately the same molecular weight. The heat of com- 
bustion of ethylene is greater than the heat of combustion of an 
equivalent quantity of free carbon and hydrogen, indicating a 
negative heat of formation for this hydrocarbon. 

Preparation. Hydrocarbons of the ethylene series may be 
prepared by the following methods : 

1. An alkyl halide, when heated with an alcoholic solution 

of potassium hydroxide, yields a molecule of hydrogen halide 
and an unsaturated hydrocarbon. The hydrogen and halogen 
are taken from adjacent carbon atoms and a double bond is 
thus established : 

CH 3 • CI^CHa^+^H^-^ CH 3 • CH : CH 2 + KC1 + H 2 0. 

2. Dihalogen derivatives of the paraffin hydrocarbons hav- 
ing the two halogen atoms attached to different, but adjacent, 
carbon atoms yield unsaturated hydrocarbons when warmed 
with zinc or sodium : 

CH 3 • CHC1 • CH 2 C 1 + Zn — v CH 3 • CH : CH 2 + ZnCl 2 . 


3. Alcohols may be dehydrated by means of sulfuric acid 
or phosphorus pentoxide : 

CH a • CH 2 • CH 2 OH + H 2 S0 4 

— >- CH 3 • CH : CH 2 + H 2 S0 4 + H 2 0. 

This reaction proceeds in two steps. In the first place an 
alkyl derivative of sulfuric acid is formed. With ordinary 
ethyl alcohol and sulfuric acid the reaction takes the following 
course : 

C 2 H 5 OH + H 2 S0 4 — ► C 2 H 5 HS0 4 + H 2 0. 

Ethyl sulfuric acid, C 2 HsHS0 4 , is an oily liquid. It is not 
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isolated from the excess of sulfuric acid or alcohol when ethylene 
is the product wanted. The mixture containing this compound 
is heated to about 170° and the second step in the process is 

accomplished: „ TT ^ . 

C 2 H 5 HS0 4 — C 2 H 4 + H 2 SO 4 . 


The commercial production of ethylene is accomplished by 
passing alcohol vapor over clay balls or aluminum oxide in an 
iron tube heated to 400°. 

Isomerism. Isomerism arises from changes in the configura- 
tion of the molecule either by branching of the carbon chains 
or by changing the position of the double bond. There are 
three possible structures for butylenes and three are actually 

kn0Wn : CH 3 • CH : CH • CH 3 , (1) 

CH 3 • CH 2 • CH : CH 2 , (2) 



: CH 2 . 


(3) 


The first is produced by the action of alcoholic potash on 
secondary butyl iodide, CH 3 • CHI • CH 2 • CH 3 . The second 
is obtained in the same way from normal butyl iodide, 
CH 3 • CH 2 • CH 2 • CH 2 I. The third has been made by the 
action of sulfuric acid on isobutyl alcohol, (CH 3 ) 2 CH • CH 2 OH. 

There is a type of isomerism, displayed by unsaturated 
compounds only, which is due to the relatively rigid union be- 
tween atoms that share a double bond. Carbon atoms united 
by a single bond may rotate independently around their common 
axis, but a double bond between two atoms prevents free rota- 
tion. As a simple illustration of the principle involved in geo- 
metrical isomerism, assume in one case that a single nail has 
been driven through two boards, as represented in Fig. 1, 1 and 
II, and in another instance that two nails have been driven 
through the boards, as shown in III and IV. 




Fig. 1 



In the first case either board may be turned around the nail 
so that corresponding ends (aa and bb) of the two may be placed 
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on the same side (I) or on opposite sides (II) of the system. In 
the second case (III and IV) there is no such freedom. The 
boards are no longer able to rotate independently. If the 
corresponding ends (act) were on the same side when the second 
nail was driven, they must remain there (III). If they were 
on opposite sides, they must remain as indicated in IV. Rep- 
resenting carbon atoms as tetrahedra, we may indicate the 
same principle as follows : 


a 


d 

Fig. 2 

The tetrahedra attached at one point only (Fig. 2, I) are free to 
rotate around their common axis so that a may be placed over 
d, e, or /, but tetrahedra attached to each other by two points 
(II) (having one edge in common) are not free to turn inde- 
pendently, and hence the geometrical figure produced when 
the double bond is established cannot be altered without break- 
ing the connection at one point or the other. A double bond 
thus gives rise to a new type of isomerism. To distinguish it 
from other types of structural variations in space it is called 
geometrical isomerism. 

Owing to the existence of the double bond, there are two 
bromopropylenes corresponding to the formula CH3 • CH : CHBr. 
They are 

CH 3 • C • H CH 3 ■ C - H 

II and II 

H • C • Br Br • C • H 

Boiling point, 59.5° Boiling point, 66° 

Only a few of the pairs of ethylene hydrocarbons have been 
separated. More important examples of geometrical isomer- 
ism will be considered in connection with the study of un- 
saturated acids. 

Nomenclature. The name of an olefin is commonly derived 
from the name of the paraffin hydrocarbon having the same 
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number of carbon atoms by changing the termination ane to 
ylene ; thus, C 3 H 6 is propylene, C 4 H 8 butylene, C5H10 amylene 
or pentylene. This system, however, is inadequate, for it does 
not "provide distinctive names for all isomers. The olefins may 
be named as derivatives of ethylene, just as the saturated hy- 
drocarbons were named as derivatives of methane. Referring 
to the butylenes listed on page 24, the names are (1) symmet- 
rical dimethylethylene, (2) ethylethylene, (3) unsymmetrical 
dimethylethylene. According to the Geneva system they are 
named from the number of carbon atoms in the longest straight 
chain by changing the termination of the name of the corre- 
sponding paraffin from ane to ene. The position of the double 
bond is indicated by a number specifying the location of the 
first doubly linked carbon atom in the chain. This number 
may follow the suffix ene or, in connection with the Greek 
letter A, it may be placed before the name of the compound. 
Thus CH 3 — CH2 — CH=CH2 is called butene-3 or butene-1 
or it may be called A 3 butene or A 1 butene. The compound 
CH 3 — CH=CH — CH 3 is butene-2 or A 2 butene, and 

CH 3 — CH— CH=CH— ch 3 

ch 3 

is 2-methyl-pentene-3 or A 3 2-methyl-pentene. 

Reactions of the ethylene series. Sulfuric, hydrobromic, hy- 
driodic, hypobromous, and hypochlorous acids form addition 
products with the alkylenes. The halogens likewise combine 
with unsaturated hydrocarbons by direct addition. With chlo- 
rine or bromine the reaction proceeds to completion: 

CH 2 : CH 2 + da —*■ CH 2 C 1 • CH 2 C 1 . 

Ethylene Ethylene dichloride 

Diffused light is used to catalyze the union of ethylene and 
bromine. The addition of chlorine to ethylene occurs in the 
dark but much more rapidly in the light, and the rate of the 
reaction increases as the temperature is lowered. Substitu- 
tion reactions occur to some extent when chlorine and ethylene 
are mixed, as shown by the evolution of small quantities of 
hydrogen chloride. The rates of the substitution reactions 
become slower as the temperature is reduced. When ethylene 
is passed into an aqueous solution of chlorine, various products, 
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besides ethylene dichloride, are formed in small amounts. Hypo- 
chlorous acid as well as chlorine is present in such a solution, 
and chlorine water is a good oxidizing agent. Iodine, in alcohol, 
combines with ethylene slowly, and the reaction is reversible. 
There are other reagents, which, under special conditions, may 
be used to break the double bond. Among these are hydrogen 
chloride, nitrosyl chloride, sulfur chlorides, and ozone. 

Hydrobromic and hydriodic acids readily combine with ethyl- 
ene and its homologues : 

CH 2 : CH 2 + HI — * CH 3 • CHsI. 

Ethylene Ethyl iodide 

Hydrogen chloride slowly forms an addition product with an 
olefin when the two- reagents are heated together in glacial 
acetic acid. 

When compounds that ionize react with unsymmetrical de- 
rivatives of ethylene, the negative ion usually goes to the 
carbon atom which is holding the fewest hydrogen atoms. 
Hydrobromic acid, for example, combines with propylene as 
follows : 

CH 3 • CH : CH 2 + HBr — *• CH 3 • CHBr • CH S . 

Chlorine in hypoehlorous acid has a positive electrovalence 
and in reactions with unsymmetrical olefins its orientation fol- 
lows the rule for positive and negative radicals given above : 

CH 3 ■ CH : CH 2 + ClOH — * CH 3 • CHOH • CH 2 C1. 

Exceptions to this rule will be considered later in connection 
with Thiele’s theory of partial valence. 

Ethylene dissolves in concentrated sulfuric acid, with the 
formation of ethyl sulfuric acid : 

CH 2 : CH 2 + H 2 S0 4 — *- CH 3 • CH 2 S0 4 H. 

The ethyl sulfuric acid formed may be separated from un- 
changed sulfuric acid by precipitating the latter as barium 
sulfate. The barium salt of ethyl sulfuric acid is soluble in 
water and it crystallizes with two molecules of water. To obtain 
free ethyl sulfuric acid the barium salt is treated with the cal- 
culated equivalent of sulfuric acid, and the water present is 
removed by evaporation over phosphorus peroxide, in a vac- 
uum desiccator. 
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If the solution of an olefin in concentrated sulfuric acid is 
diluted with water and warmed, a saturated alcohol is produced : 

CH 3 • CH 2 • HS0 4 + HOH — > CH 3 • CH 2 0H + H 2 S0 4 . 

This reaction is especially applicable to the hydrocarbons of 
low molecular weight. Other members of the series, when 
treated with sulfuric acid, yield mixed products, including 
polymers of high molecular weights and unknown structures. 

Permanganates and dichromates oxidize olefin hydrocarbons 
to dihydrie alcohols. The reaction between permanganate ion 
and ethylene in acid solution is represented by the equation 

5 CH 2 : CH 2 + 2 Mn0 4 ~ + 6 H+ + 2 H 2 0 

— 5 CH 2 OH • CH 2 OH + 2 Mn++. 

In alkaline solution a similar reaction occurs, but manganese 
dioxide instead of a manganous salt is formed : 

3 CH 2 : CH 2 + 2 Mn0 4 - + 4 H 2 0 

— * 3 CH 2 OH - CH 2 0H + 2 Mn0 2 + 2 OH~. 

In this process hydroxide ions are produced in a solution 
originally alkaline. It is an irreversible process and it is cata- 
lyzed by hydroxide ions. An alkaline solution of a perman- 
ganate is, therefore, generally used to oxidize an unsaturated 
hydrocarbon. 

When the vapor of an unsaturated hydrocarbon is mixed 
with hydrogen gas and the mixture is passed over hot, finely 
divided nickel, a saturated hydrocarbon is formed : 

CH 2 : CH 2 + H 2 — >■ CH 3 • CH 3 . 

The reduction of liquid and solid unsaturated hydrocarbons 
can be accomplished generally by treatment with concentrated 
hydriodic acid and red phosphorus. 

THE ACETYLENE SERIES 

Unsaturated hydrocarbons corresponding to the general for- 
mula C„H 2n _ 2 may be divided into two classes: (1) com- 
pounds having one triple bond in each molecule and (2) those 
having two double bonds. To the first class belong acetylene, 
HC ! CH, and its homologues. The reasons for assigning to 
this formula a triple linkage between carbon atoms rather 
than assuming bi'valent carbon or free valence bonds are similar 
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to those mentioned in the discussion of ethylene. Addition 
products are readily formed, univalent elements or groups in- 
variably adding in pairs. Bromine, for example, absorbs acety- 
lene, forming dibromoethylene and tetrabromoethane. 

HC=CH -j- Br 2 — CHBr=CHBr ; 
CHBr=CHBr + Br 2 — v CHBr 2 — CHBr 2 . 

The reaction takes place in two stages and can be regulated by 
using an aqueous solution of bromine so as to yield the inter- 
mediate product, dibromoethylene, CHBr : CHBr. The addi- 
tion is catalyzed by light. 

Acetylene is a colorless gas, almost insoluble in water but 
very soluble in acetone. At 15°, under 1 atmosphere of pres- 
sure one volume of acetone dissolves twenty-five volumes of 
the gas. The solubility increases rapidly as the pressure is in- 
creased or the temperature reduced. At — 80° and 12 atmos- 
pheres of pressure the solubility is greater than 2000 : 1. 
Acetylene is an endothermic compound, the molecular heat 
of formation being - 54 Cal. (-54,000 cal.). It decomposes, 
therefore, with a liberation of energy, and when under two or 
more atmospheres of pressure it can be detonated by mercury 
fulminate or by an electric spark. 

In an open container acetylene bums with a smoky flame, but 
when used in a properly constructed burner the flame is white, 
smokeless, and rich in rays of short wave length. The high 
temperature of the oxygen-acetylene flame gives the gas a 
technical value in welding processes. Iron is easily melted in 
the flame. Explosive mixtures of acetylene and air can be 
made with the proportions of the hydrocarbon varying from 
3 per cent to 82 per cent, an unusually wide range. This 
property affords an explanation of the many explosions that 
have occurred in houses lighted by acetylene. Most other hy- 
drocarbons, when mixed with air, bum quietly at the outlet if 
the air content of the mixture is below 50 per cent. The velocity 
of propagation of combustion is higher for acetylene than for 
other gases. This gives rise to a very sudden development of 
pressure and makes it unsafe to explode a mixture of acetylene 
and air even in an open flask. 

When acetylene is passed into a vigorously stirred sus- 
pension of mercuric sulfate in dilute sulfuric acid, it is con- 
verted into acetaldehyde, CH3CHO. The result accomplished 



30 


THE CARBON COMPOUNDS 


is the addition of a molecule of water to the unsaturated hydro- 
carbon. The course of the reaction probably involves the addi- 
tion of sulfuric acid, this step being followed by hydrolysis. 
Commercial applications of this process have been made for 
the production of acetic acid, acetone, and other compounds 
that are easily derived from acetaldehyde. 

Reactions of the acetylene series. The following reactions of 
acetylene are typical for members of this series : 

1. By the addition of chlorine or bromine, substituted olefins 
and saturated halogen compounds are formed : 

CH=CH + Cl a — > CHC1=CHC1 ; 
CHC1=CHC1 + Cla — *- CHCI 2 — CHCI 2 . 

Light catalyzes this reaction. The union of iodine and acetylene 
is accomplished by keeping the acetylene for some time in 
contact with a pasty mixture of iodine and alcohol. 

2. Hydrogen bromide and hydrogen iodide slowly form de- 
rivatives of the olefins and finally unsymmetrical saturated di- 
halogen compounds : 

CH=CH + HBr — > CH 2 =CHBr; 
CH 2 ==CHBr + HBr — > CH 3 — CHBr 2 . 

3. Hypochlorous and hypobromous acids combine with acety- 
lene hydrocarbons, forming aldehydes : 

CH=CH + 2 ClOH — > CHCL— CH(OH) 2 ; 

CHCL— CH(OH) 2 — »- CHCL— CHO + H 2 0. 

The addition product having two hydroxyl groups on the 
same carbon atom is unstable and cannot be isolated. Water 
is eliminated and a stable aldehyde is formed. 

4. Hydrogen attached to a carbon atom which, in turn, is 
linked to another carbon by a triple bond may be replaced by 
a metal. Silver acetylide is precipitated when acetylene gas 
is led into an ammoniacal solution of a silver salt. It is a 
white crystalline solid which explodes when agitated. Its 
formula is Ag — C=C— Ag. Copper acetylide is a red explosive 
solid formed by passing acetylene gas into a solution of cuprous 
chloride in ammonia. The property of forming insoluble silver 
or copper derivatives distinguishes the compounds having the 
group — Cs=CH from all other hydrocarbons. Sodium and 
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lithium carbides are formed when acetylene is passed into the 
molten metals. Free hydrogen or the hydride of the metal is 
simultaneously produced : 

C 2 H 2 -j- 2 Na ■ ^ C 2 Na 2 “f - H 2 . 

C 2 H 2 -t- 4 Li " y C2Li2 -|- 2 LiH. 

Similar compounds may be prepared by the direct action of 
carbon on many metals at temperatures attainable in the elec- 
tric furnace. These carbides are easily decomposed by acids. 
Silver acetylide, for example, dissolves in a dilute solution of an 
acid, with the evolution of acetylene : 

Ag 2 C 2 + 2H+^ C 2 H 2 + 2 Ag+. 

5. The acetylene hydrocarbons are reduced to the correspond- 
ing saturated compounds by heating them with hydrogen in 
contact with platinum black or finely divided nickel. 

6. An alkaline permanganate solution oxidizes acetylene to 
a salt of oxalic acid : 

3 CH=CH + 8 Mn0 4 - 

— 3 C 2 O 4 — + 8 Mn0 2 + 2 OH~ + 2 H 2 0. 

Preparation of acetylene. 1. Acetylene is usually made by 
allowing water to drop on calcium carbide. The reaction is 
very energetic and must be carefully controlled to avoid ex- 
cessive pressure in the generator: 

CaC 2 + 2 H 2 0 — Ca(0H) 2 + C 2 H 2 . 

Calcium carbide is manufactured on a commercial scale by 
heating a mixture of lime and coke at 2500° to 3000° C. in an 
electric furnace. Metallic calcium combines with carbon directly 
at a much lower temperature to form the same product ; but a 
high temperature is required to reduce the calcium oxide. 
The mechanism of the process is indicated by two equations : 

CaO + C— »-Ca + CO; 

Ca + 2 C — *- CaC 2 . 

2. Acetylene is formed from the free elements in an electric 
arc between carbon poles in an atmosphere of hydrogen. Equi- 
librium is attained (at 2500°) with less than 4 per cent of acety- 
lene present. Traces of other hydrocarbons are formed at the 
same time. 
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3. Chloroform, bromoform, and iodoform yield their halogen 
atoms to molten sodium or potassium, the CH residues uniting 
in pairs to form acetylene : 

2 CHBr 3 -f 6 K — *■ 6 KBr + C 2 H 2 . 

The higher members of the acetylene series are prepared by 
the following general methods : 

Preparation of homologues of acetylene. 1. Dihalogen deriva- 
tives of the saturated hydrocarbons having the two halogen 
atoms attached to the same or to adjacent carbon atoms are 
treated with alcoholic potash : 

CH 3 — CH 2 — CHC1 2 + 2 KOH 

— * CHs— C=CH + 2 KC1 + 2 H 2 0. 
CH 3 — CHC1— CH 2 C1 + 2 KOH 

—v CH 3 — C=CH + 2 KC1 + 2 H 2 0. 

Compounds having two double bonds (diolefins) are con- 
taminating by-products when the method indicated by the last 
equation is used. 

2. Tetrahalogen compounds having two halogens attached 
to each of two adjacent carbon atoms yield acetylene deriva- 
tives when warmed with sodium or distilled with zinc dust : 

CH 3 — CCl^ CHC1 2 + 2 Zn — > CH 3 — C=CH + 2 ZnCl 2 . 


Nomenclature. Hydrocarbons containing triple bonds may 
be named as derivatives of acetylene. Thus CH 3 — C=CH is 

ch 3x 

methyl acetylene ; >CH — C=C — CH 2 — CH 3 is ethyliso- 

ch 3 / 

propyl acetylene ; and so on. According to the Geneva plan the 
name is derived from the number of carbon atoms in the longest 
continuous chain. The name terminates in ine, and the posi- 
tion of the triple bond is indicated by a number following the 
name. Thus CH ,-CH-C»C-CH, 


ch 3 


is 2-methyl-pentine-3 or 4-methyl-pentine-2. Th'e diolefine, 
CH 2 =C=CH 2 , is named propadiene or A 1 - 2 propene, and 
CH 2 =CH— CHa— CH=CH— CH 3 is hexadiene-1, 4 or A 1 - 4 
hexene. 
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Hydrocarbons having two double bonds are isomeric with 
the acetylenes. Isoprene belongs to this group. 

Isoprene is a liquid (b.p. 37°) obtained by distilling rubber or 
by passing turpentine vapor through a red-hot tube. Its struc- 
ture is represented by the formula 

CH 2 =C— CH=CH 2 
' I 
CH S 

Under the influence of concentrated hydrochloric acid isoprene 
polymerizes to a compound of unknown molecular weight, ap- 
parently identical with rubber. Recent attempts to convert 
turpentine into rubber through the medium of isoprene have 
been more or less successful. It is a possibility of great promise. 

Thermochemical relations. The total energy change involved 
in passing from a definite initial state to a definite final state is 
independent of the path. Hess applied this principle to the cal- 
culation of heats of formation of organic compounds. Carbon 
dioxide, for example, may be formed directly from carbon and 
oxygen with the energy change indicated in the equation 

C + 0 2 — >- C0 2 + 94,300 cal. 

One mole of carbon monoxide burns to carbon dioxide, as indi- 
cated in the equation 

CO + 1 0 2 — C0 2 + 68,100 cal. 

The difference between these values represents the energy 
change involved in forming one mole of carbon monoxide : 

C + 1 0 2 — CO + 26,200 cal. 

By the same principle we may calculate the heats of formation 
of the hydrocarbons. Water and carbon dioxide are the prod- 
ucts formed in the complete oxidation of a hydrocarbon ; and 
we need, in addition to the data given above, the heat of for- 
mation of yvater : 

H 2 + 1 0 2 — > H 2 0 + 68,300 cal. 

The heat of formation of a substance represents the differ- 
ence in energy content between one mole of the compound 
and an equal quantity of the uncombined elements. As a 
rule stable compounds are formed from the elements with an 
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evolution of heat (loss of energy), but some compounds are 
formed with an absorption of energy. One mole of methane 
burns in oxygen, forming carbon dioxide and water with an 
evolution of 210,800 cal. : 

CH 4 + 2 0 2 ► C0 2 + 2 H 2 0 + 210,800 cal. (1) 

For the uncombined elements we have 

2 H 2 + 0 2 — >- 2 H 2 0 + 136,600 cal. (2) 

C + 0 2 — *- C0 2 + 94,300 cal. (3) 

Adding equations (2) and (3), we have 

2 H 2 + C + 2 0 2 — *- 2 H 2 0 + C0 2 + 230,900 cal. (4) 
Subtracting (1) from (4), 

2 H 2 -f- C — >■ CH 4 20,100 cal. 

This represents the energy used in breaking up the molecule 
when methane burns, or it is the heat that would be evolved 
if methane were made by direct union of carbon and hydrogen. 

On the other hand, some of the lower members of the unsatu- 
rated hydrocarbons burn with the evolution of more heat than 
is derived from equivalent weights of the free elements. In 
other words, they have negative heats of formation. 

Heat of Combustion 


Methane 210,800 eal. Ethylene 332,000 cal. 

Ethane 368,400 cal. Propylene 490,000 cal. 

Propane 626,300 cal. Butylene 660,200 cal. 

Butane 682,300 cal. Acetylene 312,000 cal. 
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SATURATED MONOHYDRIC ALCOHOLS 

r 

The saturated monohydric alcohols -may be regarded as de- 
rivatives of the paraffin hydrocarbons in which one hydrogen 
atom in each molecule has been replaced by a hydroxyl group. 
The general formula for alcohols of this series is CJB^+iOH, 
or ROH. They may be prepared by the action of silver 
hydroxide or of hot aqueous potassium hydroxide on the alkyl 
halides : 

C 2 H 5 I + AgOH — C2H5OH + Agl. 

Sodium hydroxide and amyl chloride are used in the commer- 
cial process of making amyl alcohol. Other general methods 
for making alcohols will be presented later. The first two mem- 
bers of the series, methyl alcohol and ethyl alcohol, are of 
great commercial importance, and special means have been de- 
vised to produce them in vast quantities at comparatively 
low cost. 

Physical properties. The alcohols of low molecular weight 
are colorless liquids. The first three members of the series 
are miscible with water in all proportions. The members of the 
group containing from four to eleven carbon atoms are oily 
liquids sparingly soluble in water. The solubilities decrease 
as the molecular weights increase. The higher members are 
colorless solids, almost tasteless and odorless, and practically 
insoluble in water. They are readily soluble in the liquid mem- 
bers of the series, and from these solutions some of them may 
be obtained in crystalline form. 

— Classification. Alcohols are classified as primary, secondary, 
and tertiary. The classification is based upon the number of 
carbon atoms that are bound by the carbon which is directly 
attached to the hydroxyl group. Every primary alcohol is char- 
acterized by the group — CH 2 OH, while secondary and tertiary 

alcohols have the groups ^/CHOH and ^yCOH respectively. 

35 
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General formulas may be written as follows : 

RCH2OH R2CHOH R3COH 

Primary alcohol Secondary alcohol Tertiary alcohol 

Chemical properties. 1. Alcohols react with metallic sodium 
or potassium with the evolution of hydrogen, but only one 
hydrogen atom in each molecule of a monohydric alcohol is 
replaceable by the metal. -This fact is used in establishing 
the presence of a hydroxyl group in' the alcohol molecule. 
For example, two structures are possible for a compound hav- 
ing the formula C 2 H 6 0. We might write it CH 3 • 0 • CH 3 or 
CH 3 • CH 2 OH. In the first formula the six hydrogen atoms 
are all similarly placed. If one is replaceable by a metal, there 
is no apparent reason why two, three, or even six should not 
be replaced by the same reagent. In the second formula five 
of the hydrogen atoms are attached directly to carbon and one 
is held by oxygen. The formula indicates that one hydrogen 
atom differs from all the others in its relation to the molecule 
as a whole, and since in ethyl alcohol one and only one hydrogen 
atom is replaced by sodium, we assign to it the second formula 
and write the following equation for the reaction : 

CH 3 • CH 2 OH + Na — CH 3 ■ CH 2 ONa + * H 2 . 

Ethyl alcohol Sodium ethylate 

2. Alcohols react with phosphorus trichloride or phosphorus 
pentachloride, forming alkyl halides : 

3 C2H5OH + PC1 3 — > 3 C2H5CI + H 3 P0 3 . 

C 2 H s OH + PC1 6 — >- C 2 H 5 C1 + POCl 3 + HC1. 

These reactions confirm the conclusion that an alcohol mole- 
cule contains a hydroxyl group. A univalent chlorine atom 
replaces an atom of oxygen and one of hydrogen — a change 
easily explained under the assumption that the oxygen and 
hydrogen are present in the form of a univalent group. 

3. Acid chlorides and alcohols yield esters : 

C2H5OH + CH3COCI — >- HC1 + C 2 H 6 • 0 • COCH3. 

This reaction is discussed under Esters (see page 103); 

4. Alcohols are susceptible to oxidation. Chromic acid 
"converts ethyl alcohol into acetaldehyde, and by the same 
reagent it is further oxidized to acetic acid. On account of 
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its volatility free acetaldehyde is obtained unless precautions 
are taken to prevent its escape from the reaction mixture: 

CH 3 CH 2 OH — CH3CHO — CH3COOH. 

Ethyl alcohol Acetaldehyde Acetic acid 

Primary, secondary, and tertiary alcohols may be differen- 
tiated by identifying the types of compounds formed from 
them by oxidation. A primary alcohol is converted into an 
aldehyde having the same number of carbon atoms as in the 
alcohol molecule. The aldehyde, in turn, is oxidized to an 
acid without loss of carbon. A secondary alcohol is oxidized 
to a ketone having the same number of carbon atoms, but on 
further oxidation the ketone yields carbon dioxide and water 
or acids containing fewer carbon atoms than the ketone itself 
possessed. A tertiary alcohol is decomposed at once by oxida- 
tion to compounds of lower molecular weight. 

Tertiary alcohols are not as readily oxidized as are the pri- 
mary and secondary compounds. On the other hand, the re- 
placement of the hydroxyl group by a halogen through the 
agency of a phosphorus halide, or its removal in the forma- 
tion of water by a dehydrating agent, proceeds with greater 
ease with tertiary than with primary or secondary alcohols. 

The products formed in the oxidation of an alcohol depend 
upon the reagents used, the character of the alcohol, and the 
temperature of the reaction. Some typical reactions are shown 
below. These equations must not be interpreted as meaning 
that different oxidizing agents necessarily form different prod- 
ucts when they act upon an alcohol. The list is intended merely 
to indicate several possible results. 

CH 3 OH + O 2 O 7 — + 8 H+ — >- C0 2 + 2 Cr+++ + 6 H 2 0. 

3 RCH 2 OH + 2 Cr 2 0 7 + 16 H+ — y 3 RCOOH + 4 Cr+++ + 11 H 2 0. 

RCH 2 OH + 2 HNOs — *- ECHO + 2 N0 2 + 2 H 2 0. 

3 RCH 2 OH + 2 Mn0 4 ~ + OH~ — y 3 RCHO + 2 Mn0 2 + 3 OH~ + 2 H 2 0. 
3 RCH 2 OH + 4 MnCU- + OH" — >- 3 RCOO" + 4 Mn0 2 + 2 OH~ + 4 H 2 0. 

6 RCH 2 OH + 4 M 11 O 4 - + 12 H+ — y 5 RCOOH + 4 Mn++ + 11 H 2 0. 

5. Alcohols are dehydrated by the action of concentrated sul- 
furic acid, hydrocarbons of the ethylene series being formed : 

CH 3 • CH 2 OH — CH 2 : CH 2 + H 2 0. 

The reaction proceeds even more readily with secondary and 
tertiary alcohols. By modifying the conditions (controlling the 
temperature and the concentration of the acid) one molecule 
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of water may be removed from two molecules of alcohol, with 
the production of an ether : 

2 C2H5OH — >- C2H5 • 0 • C 2 H 5 + H 2 0 . 

An intermediate product, in this case ethyl sulfuric acid, is 
formed between the alcohol and acid ; but it is decomposed 
by the excess of alcohol, regenerating the acid and forming the 
ether. The mechanism of the formation of diethyl ether is in- 
dicated in the following equations : 

C 2 H 5 OH + H2SO4 — *■ C2H5HSO4 + H2O ; ( 1 ) 

C2H5HSO4 + C2H5OH — *■ C2H5 • 0 • C 2 H 5 + H2SO4. ( 2 ) 

Mixed ethers may be secured by mixing sulfuric acid with 
the calculated quantity of one alcohol to produce an ester 
according to (1) and gradually adding another alcohol during 
the process of distillation. Reaction (2) then occurs with the 
second alcohol : 

C2H5HSO4 + C3H7OH — C2H5 • 0 • C3H7 + H2SO4. 

Ethyl sulfuric acid Propyl alcohol Ethylpropyl ether 

Nomenclature. The monohydric alcohols may be named as 
derivatives of the first member of the series, methyl alcohol, 
which is called carbinol. Ethyl alcohol is methyl carbinol. An 
’ alcohol having the structure CH3 • CHOH • CH 2 - CH 3 is called 
methylethyl carbinol. According to the Geneva system, the 
alcohols are named from the corresponding hydrocarbons. The 
names are made to terminate in ol. The same rule applies to 
polyhydric alcohols, that is, alcohols having more than one 
hydroxyl in the molecule, the number of such groups being 
indicated by an appropriate prefix to the terminal ol. Thus, 
CH3OH is methanol ; C2H5OH is ethanol ; CH 2 OH • CH 2 0 H 
is ethandiol-1, 2; and CH 2 OH • CH 2 • CHOH • CH 2 OH is 
butantriol-1, 3, 4. As in the case of the hydrocarbons, the 
name is derived from the number of carbon atoms in the long- 
est straight chain, and the position of a radical substituted for 
hydrogen is indicated by a numeral preceding the name of the 
radical. Numerals following the name indicate positions of 
groups designated by the name ending. A compound having the 

structure CH 3 — CHOH— CH— CHOH— CH 2 OH 

I 

CH 3 

would be called 3-methyl-pentantriol-2, 4, 5. 
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Methyl alcohol. Methanol, CH 3 OH, is obtained on a com- 
mercial scale from wood by dry distillation. It is commonly 
called wood alcohol. Among the products found in the distillate 
are water, acetic acid, methyl alcohol, acetone, and tar. The 
tar settles out on standing and the liquid layer is siphoned off, 
treated with lime and water, then redistilled. The lime con- 
verts the acetic acid into a nonvolatile salt, calcium acetate, 
and the water throws out of solution hydrocarbons and some 
other compounds, which can be separated by mechanical means 
from the aqueous solution of methyl alcohol and acetone. By 
fractional distillation most of the water is eliminated. Quick- 
lime, CaO, is employed to complete the dehydration of the 
distillate. The methyl alcohol and acetone may be separated 
by absorbing the alcohol in calcium chloride. Acetone is pressed 
out from the solid mass of CaClo • 4 CH 3 OH, and the alcohol is 
liberated from the calcium chloride by heating with steam. 
Finally, the alcohol is freed from water by treatment with 
lime and by distillation. 

Methyl alcohol is a colorless liquid (sp. gr. 0.791 at 20°). It 
bums with a nonluminous flame, forming carbon dioxide and 
water. It has a burning taste and is poisonous. A process for 
mating methyl alcohol from carbon monoxide and hydrogen 
has been developed. The gases are heated to 400° under 150 to 
500 atmospheres of pressure in the presence of a catalyst.* 

Ethyl alcohol. By fermentation glucose is converted into 
ethyl alcohol and carbon dioxide : 

C 6 H 12 0 6 — > 2 C 2 H 5 OH + 2 CO 2 . 

Glucose Ethyl alcohol 

Fermentation is induced by an enzyme, zymase, found in yeast. 
The fermentation of fruit juices for the production of wine is 
mentioned in the Bible and in other ancient writings. Leeuwen- 
hoek/as early as 1683, described the microscopic appearance of 
yeast, but it was first definitely characterized as a plant by 
Tour in 1836. A few years later Pasteur connected fermenta- 
tion with the life processes of the yeast plant. He considered 
the conversion of sugar into alcohol and carbon dioxide to be 
dependent upon the life and growth of the yeast in the sugar 
solution. This theory prevailed until Buchner (1897) showed 
that an extract from yeast containing no living cells could 
cause fermentation (see Enzymes, p. 169). 

* J. Ind. and Eng. Chem., 17 , 430 ( 1925 ) ; ibid., 23 , 1386 ( 1931 ). 
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Starch is the commercial source of the glucose used in the 
manufacture of alcohol. Potatoes, corn, wheat, or rice may be 
used as sources of starch. Enzymes contained in sprouting 
barley have the property of catalyzing the hydrolysis of starch, 
converting it into fermentable sugars. 

Ground com is mixed with water and heated an hour or more 
with st eam under about 3 atmospheres of pressure. After cool- 
ing, malt is added and the mixture is held at 63° C. until the 
starch has been completely hydrolyzed. The iodine test for 
starch is made from time to time until a sample of the mixture 
no longer gives the characteristic blue color of starch iodide. 
The h usks of the grain are removed by forcing the mash through 
a coarse filter. The portion passing through the sieve or filter 
is conveyed to the fermentation vats. Yeast is added and the 
temperature is held between 20° and 25° C. until the conversion 
of sugar to alcohol is complete. This part of the process requires 
from three to five days. The mash then consists of a slimy fluid 
mixture of water, alcohol, fusel oil, traces of organic acids and 
aldehydes, and a solid residue of the grain. From this mixture 
the alcohol is obtained by distillation. It is not possible to secure 
absolute alcohol from an aqueous solution of alcohol by distilla- 
tion alone. A mixture containing 95.5 per cent alcohol and 4.5 
per cent water has a maximum vapor pressure, and this mixture 
distills without change in composition at 78.17° C.* In the prep- 
aration of absolute alcohol the ordinary 95 per cent product is 
dehydrated by boiling it, under a reflux condenser, with cal- 
cium oxide (quicklime). The water is retained by the lime, and 
the alcohol is liberated from the semisolid mass by distillation. 

Butyl alcohols. Normal butyl alcohol has the formula 

CHs— CH 2 — CH 2 — CH 2 OH. 


It is an excellent solvent for many types of organic compounds. 
It combines with acetic acid, forming an ester, normal butyl 
acetate, which is a valuable component of the fine lacquers 
that are used on automobiles. Normal butyl alcohol is a color- 
less liquid that boils at 117.7° and has a specific gravity of 
0.805 at 25° C. One volume of the alcohol dissolves in ten 
volumes of water, but it is miscible in all proportions with ethyl 
alcohol and with ether. 

* Noyes and Warfel, J . Am. Chem. Soc., 23, 463 (1901)* 
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A fermentation process has been developed for making the 
alcohol from sugars derived from starch. The reaction proceeds 
according to the equation 

C 6 Hi 2 0 6 — *■ C 4 H 9 OH + 2 C0 2 + H 2 0. 

Isobutyl alcohol, (CH 3 ) 2 CH — CH 2 OH, is found with am yl 
alcohols in fusel oil. It can be separated from the amyl alcohols 
by fractional distillation. It is formed as a by-product in the 
synthesis of methyl alcohol from carbon monoxide and hydro- 
gen. Isobutyl alcohol is used as a source of many types of 
compounds containing the isobutyl radical that are required 
in research laboratories. No important uses have been found 
for the secondary and tertiary butyl alcohols. 

Amyl alcohols. The alcohols ' corresponding to the empirical 
formula CsHuOH are known as amyl alcohols. The name was 
first applied to two members of the group, 

(CH 3 ) 2 CH— ch 2 — ch 2 oh 
and CHs— CH 2 — CH(CH S )— CH 2 OH. 

These alcohols constitute the major part of the fusel oil formed 
as a by-product when ethyl alcohol is made from starch. The 
word "amyl” is derived from the Greek name for starch. We 
believe now that these alcohols are derived from the proteins 
found in corn, wheat, rice, or potatoes and not from the starch, 
but they are still called amyl alcohols. 

Am yl alcohols are manufactured in enormous quantities for 
industrial uses. The free alcohols and also amyl acetates, made 
from amyl alcohols and acetic acid, are used as solvents for 
gums, resins, and nitrocellulose in the manufacture of lacquers. 
The alcohols are made from the pentanes derived from natural 
gas or gasoline. The pentanes are chlorinated by treatment with 
free chlorine, and the chloropentanes are hydrolyzed to amyl 
alcohols by hot aqueous solutions of sodium hydroxide : * 

CHs— CH 2 — CH 2 — CH 2 — CH 3 + Cl* 

— >-CH 3 — CH 2 — CH 2 — CH 2 — CH 2 CI + HC1 ; 
CHs— CHs— CH 2 — CH 2 — CH 2 C1 + NaOH 

— 5 -CH 3 — CHs— CH 2 — CH 2 — CH 2 OH + NaCl. 

* For a description of the factory process operating upon a scale that involves 
the use of twenty-two tons of chlorine per day, see Eugene E. Ayers, J . Ind. and 
Eng. Chem., 21, 899 (1929). Read also M. M. Wilson and F. J. Worster, J. Ind. 
and Eng. Chem., 21, 592 (1929). 
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These equations represent the formation of normal amyl alco- 
hol. Other amyl alcohols are formed at the same time, for not 
all the chlorine enters the pentane, molecule on the terminal 
carbon atom. A mixture of the isomeric pentanes is generally 
used, and this is another cause for the production of mixed 
alcohols. Some dichloro derivatives of the pentanes are formed 
in the chlorination process ; and if these are not removed from 
the monochloro derivatives before treatment with the hot 
sodium hydroxide solution, the amyl alcohols formed are 
contaminated with dihydric alcohols. 

Saturated Monohydric Alcohols 


Name 

Formula 

Melting 

Point 

Boiling 

Point 

Specific 
Gravity 
at 20° 

Methyl alcohol 

CHsOH 

- 97.8° 

+ 64.5° 

0.792 

Ethyl alcohol 

CH 3 — CH2OH 

-117.3° 

78.5° 

0.789 

Propyl alcohols 





Normal propyl .... 

CH3 — CH2 — CH20H 

-127° 

97.8° 

0.804 

Isopropyl 

CH3 — CHOH — CH3 

- 85.8° 

82.3° 

0.786 

Butyl alcohols 





Normal primary . . . 

CHs— CH2— CH2— CH2OH 

-89.8 

117.7° 

0.810 

Normal secondary . . 

CH3 — CHOH — CH2 — CHs 

Glass 

99.5° 

0.808 

Isobutyl 

(CH 3 ) 2 CH— CH2OH 

O 

OO 

O 

1 HI 

1 

107.3° 

0.802 

Trimethyl carbinol . . 

(CH 3 ) 3 COH 

+ 25.5° 

82.8° 

0.789 

Amyl alcohols 





^.Normal primary . . . 
/Isobutyl carbinol . . . 

CH 3 — CH2 — CH2 — CH2 — CH2OH 

- 78.5° 

138° 

0.817 

(CHalsCH— CH2— CH2OH 

- 117.2° 

131° 

0.812 

^-Secondary butyl carbinol 

CHs— CH(C 2 Hs)CH 2 OH 

— 

128° 

0.816 

/ Methylpropyl carbinol 

ch 3 — ch 2 — ch 2 — choh— ch 3 

— 

118° 

0.810 

Diethyl carbinol . . . 

CaHs — CHOH — C2H5 

— 

115.6° 

0.822 

J MethyKsopropyl carbinol 

(CH 3 )2CH — CHOH — CH3 

— 

114° 

0.819 

Dimethylethyl carbinol 
' Tertiary butyl carbinol 

(CH 3 ) 2 COH— CaHs 

-12° 

102° 

0.809 

(CH 3 ) 3 C — CH2OH 

4-53° 

114° 



Higher alcohols 





Normal hexyl .... 

C0H13OH 

- 51.6° 

155.8° 

0.820 

Normal heptyl .... 

C 7 H 15 OH 

- 34.6° 

176° 

0.821 

Normal octyl .... 

CsHitOH 

-16.5° 

194° 

0.827 

Normal nonyl .... 

C0H10OH 

-5° 

215° 

0.828 

Normal decyl .... 

C10H21OH 

+ 7° 

231° 

0.829 


Isomerism. There are more isomeric alcohols corresponding 
to a given empirical formula than there are hydrocarbons hav- 
ing the same number of carbon atoms ; for isomerism may be 
due not only to a branching of the carbon chain but also to a 
change in the position of the hydroxyl group, or to both of 
these causes. There are, for example, two butanes, 

CH 3 • CH 2 • CH 2 • CH 3 and 3 VlH • CH 3 , 

Normal butane CH& 

Isobutane 
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and four butyl alcohols : 

1. CH S ■ CH 2 • CH 2 • CH 2 OH 

Normal primary butyl alcohol 

3. CH 3 • CH 2 • CHOH • CH 3 

Normal secondary butyl alcohol 


2. (CH 3 ) 2 CH • CH 2 OH 

Isobutyl alcohol 

4. (CH 3 ) 3 COH 

Tertiary butyl alcohol 


According to the structure theory, as developed in the pre- 
ceding pages, there should be eight and only eight alcohols 
corresponding to the empirical formula C5H11OH. The eight 
possible structures are given in the table. There are, however, 
three amyl alcohols having the structural' formula 


CHgs^ ,H 
C2H5/ \CH2OH 


The isomerism in this case must be traced to some other 
cause than differences in the groups attached to the several 
carbon atoms, for these are identical. It cannot be traced 
to the influence of multiple bonds, for the compounds are 
saturated. 

Many other cases of this kind have been discovered, there 
are, for example, three lactic acids having the structure 
CHs • CHOH • COOH and four crystalline tartaric acids hav- 
ing the structure COOH • CHOH • CHOH • COOH. 

In each of these examples there is at least one carbon atom 
which is attached to four unlike atoms or groups. A molecule 
containing such an atom is said to be asymmetric. An asym- 
metric molecule cannot be cut into similar halves even by an 
imaginary plane which may sever the atoms. This condition 
makes possible the existence of two different molecules with 
identical groups attached to corresponding atoms. The two 
molecules differ as an object differs from its miiror image 
or as the right hand differs from the left hand. Two of the 
amyl alcohols corresponding to the structural formula shown 
above constitute a pair of this kind. The third amyl alcohol 
to which this formula has been assigned is merely a mixture of 
these two distinctly different forms. Compounds that have the 
same molecular structure but have different properties on 
account of a difference in the spatial arrangements of their iden- 
tical groups are called stereoisomers. The cis and trans forms of 
geometrical isomers described on page 24 are included m this 
more general classification. 
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Stereoisomers that represent pairs of mirror images are called 
optical isomers. They can be distinguished from each other by 
their action on polarized light. When a beam of plane-polarized 
light is passed through one member of the pair, the plane of 
polarization is rotated to the right ( dextrorotation ). The other 
member of the pair rotates the plane of polarization through the 
same angle to the left ( Isevorotation ). A mixture of equal quan- 
tities of the dextro and Isevo forms of a compound has no effect 
on polarized light. Such a mixture is said to be racemic. We 
frequently use the prefix d-, 1-, or r- in connection with the 
name of a compound to show that it is dextrorotatory, laevoro- 
tatory, or racemic. A racemic mixture of optically active forms 
is regarded as a third substance having the same structural 
formula. 

Light is polarized when it passes through a layer of crystalline 1 
tourmaline. The light before entering the tourmaline is the 
result of wave motions in all planes that are perpendicular to 
the path of propagation of the light. The emergent ray con- 
sists of vibrations in a single plane, all other components of the 
original beam having been screened out. This polarized ray 
will pass through another similar plate of tourmaline, provided 
the two plates are held in corresponding positions ; but if the 
second plate be slowly turned while the faces of the two are 
kept parallel to each other, the light emerging from the second 
plate gradually diminishes in intensity until total darkness is 
produced with the second tourmaline layer turned through an 
angle of 90° from the position which it occupied when the light 
passing through both plates gave the maximum illumination. 
A polariscope is used to measure optical activity. The instru- 
ment is equipped with two tourmaline prisms, one of which 
can be rotated. A tube filled with the liquid or solution to be 
examined is inserted between the two prisms. One of the prisms 
is then rotated until the illuminated field appears as it did be- 
fore the tube was inserted. The angle of rotation is read from 
a scale. 

In 1815 Biot observed that if a transparent layer of quartz 
crystal be placed between two tourmaline plates, then the maxi- 
mum illumination is obtained, not when the tourmaline plates 
are in corresponding positions but after one of them has been 
turned through an angle, the magnitude of which depends 
upon the thickness of the quartz. In other words, quartz ro- 
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tates the plane of polarization. Some of his quartz crystals were 
dextrorotatory and others were laevorotatory. Biot discovered 
also that solutions of many organic compounds have the same 
effect. By passing plane-polarized light through tubes that 
contained solutions of sugars, salts, and organic acids, he found 
that some of them were optically active (that is, they turned 
the plane of polarization either to the right or to the left) but 
most of them were optically inactive. He discovered that the 
rotation produced by a solution of. an optically active compound 
is proportional to its concentration and proportional also to the 
length of the column of solution which the light traverses. He 
found that the exact angle of rotation is dependent also upon 
the wave length of the light used. 

In 1848 Pasteur, familiar with Biot’s work, and knowing 
that quartz crystallizes in hemihedral forms, reached the con- 
clusion that optical activity might have a definite relationship 
to crystal form. He observed that the optically active tar- 
taric acids form hemihedral crystals, and he then crystallized 
a salt of racemic tartaric acid, which has no effect upon plane- 
polarized light, believing that its failure to rotate the plane of 
polarization would be accompanied by the formation of sym- 
metrical crystals. At first he was disappointed in finding the 
same type of crystalline structure as displayed by the optically 
active tartaric acids, but his careful observation of the crystals 
revealed the fact that they were not all exactly alike. Some 
of them differed from others as the right hand differs from the 
left. The angles between the faces were identical in all of 
them, but the crystals were not symmetrical and some of them 
were mirror images of others. He could pick out right-hand 
and left-hand crystals, and with the aid of a low-power magni- 
fying glass and a pair of tweezers he did this until he had a 
supply of both kinds. He dissolved the two types of crystals 
separately and examined the solutions with the aid of a polari- 
scope. One solution was dextrorotatory ; the other was lsevo- 
rotatory. A mixture of equal quantities of the two solutions 
was optically inactive. In 1873 Wislicenus * published the re- 
sults of his study of the lactic acids, which differ only in their 
effects upon polarized light, and he made the suggestion that 
" if it is once granted that molecules can be structurally iden- 
tical and yet possess dissimilar properties, it can only be ex- 

* Wislicenus, Ann., 167, 343 (1873). 
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plained on the ground that the difference is due to a different 
arrangement of their atoms in space.” 

With the work of Pasteur and Wislicenus as a background, 
van’t Hoff and Le Bel independently and simultaneously ex- 
tended the structure theory to cover cases of optical isomerism. 
They pointed out the fact that the compounds then known to 
exhibit optical activity each had at least one carbon atom 
attached to four different atoms or groups. Thus, for example, 
in the amyl alcohol called secondary butyl carbinol,* 

CH 3x /H 

>C< 

C 2 H 5 / \ch 2 oh 

the central carbon atom is attached to four different radicals, 
namely, CH3, C2H5, H, and CH 2 OH. It is said to be an asym- 
metric carbon atom, although the term " asymmetric ” properly 
applies to the molecule as a whole. With phosphorus and iodine 
the alcohol is converted into an iodide, 

CH 3x /H 
>C< 

C2H5/ XIH2I 

which is optically active. This in turn may be reduced to the 
hydrocarbon 

CH 3x .H 

> C \ 

C2H5/ X CH 3 

There is no asymmetric atom in this hydrocarbon, and the 
compound is optically inactive. 

If we resort to the use of models, and build structures cor- 
responding to molecules containing atoms attached directly to 
four different groups, we find it possible to make structures 
which resemble each other as an object resembles its own mirror 
image. We have then the same difference in structural formula 
that, in a few instances, is exhibited in crystal form ; but our 
structural formulas apply to liquids and gases as well as to 
solids, and they account for optical activity in all phases 
without reference to crystalline form. One asymmetric carbon 

* The name "secondary butyl ” refers to the radical, (CH 3 )(C 2 Hj)CH-, which 
is substituted for one hydrogen atom in carbinol, CH 3 OH. The amyl alcohol is a 
primary alcohol. See also the primary alcohol called tertiary butyl carbinol, in the 
table, p. 42. 
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atom gives rise to two optically active forms and one inactive 
(racemic) mixture of the two. More stereoisomers are possible 
if the compound has two or more asymmetric atoms. 

POLYHYDRIC ALCOHOLS 

Polyhydric alcohols are characterized by the presence, in each 
molecule, of two or more hydroxyl groups. With few exceptions 
these groups are so distributed that not more than one is held 
by any single carbon atom. Many reactions are known which 
might be expected to place two or three hydroxyl groups on the 
same carbon atom ; but almost invariably these reactions lead 
to the formation of acids, aldehydes, or ketones, the hydroxyl 
groups being completely eliminated or one only being left at- 
tached to the carbon. 

The dihydric alcohols are known as glycols. They are solu- 
ble in water and boil at higher temperatures than the corre- 
sponding monohydric alcohols. They form two series of esters 
with acids, yield monosodium and disodium derivatives, and 
on oxidation give rise to a variety of products corresponding 
to different stages in the oxidation process. It is not always 
practical to isolate all the intermediate products. Ethylene 
glycol, for example, is converted to oxalic acid through the 
following steps: 


ch 2 oh 

ch 2 oh 

CHO 

CHO 

COOH 

1 — 

-*• — M 

-*■ 1 — 

* 1 

CH 2 OH 

CHO 

CHO 

COOH 

COOH 

Ethylene glycol 

Glycol aldehyde 

Glyoxal 

Glyoxalic add 

Oxalic add 


Glyoxal and glyoxalic acid, however, are never made by direct 
oxidation of the alcohol. 

Ethylene glycol, CH 2 OH — CH 2 OH, is a sweet, colorless liquid 
that melts at — 12.3° and boils at 197.2°. It is used as an " anti- 
freeze” liquid in automobile radiators, as a solvent in the 
manufacture of nitrocellulose lacquers, and in the preparation 
of a class of explosives known as nitroglycols. It is prepared 
from ethylene and hypochlorous acid. These reagents combine 
to form ethylene chlorohydrin : 

CH 2 CH 2 C1 

|| + ClOH — *- | 

ch 2 ch 2 oh 

Ethylene Ethylene chlorohydrin 
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The chlorohydrin (b.p. 128°) is hydrolyzed by warming it to 
70° with a dilute solution of sodium bicarbonate. There is a 
steady evolution of carbon dioxide until the reaction is com- 
pleted. 

Phosphorus pentachloride and phosphorus trichloride act 
upon ethylene glycol, substituting chlorine for both hydroxyl 
groups, but hydrogen chloride gas acts upon one hydroxyl 
group only: 

CH 2 OH CH 2 C1 

| + 2 PCI5 — y | + 2 POCI3 + 2 HC1. 

CH 2 OH CH 2 C1 

Ethylene chloride 

CH 2 OH ch 2 ci 

| + HCl — *- | +H 2 0. 

ch 2 oh ch 2 oh 

Ethylene chlorohydrin 

Hydrogen chloride is split off from ethylene chlorohydrin by 
sodium or potassium hydroxide, and ethylene oxide is formed. 
Ethylene oxide (b.p. 14°) reacts rapidly with hydrochloric acid, 
regenerating ethylene chlorohydrin, or with water to form glycol, 
or with hydrogen (in contact with platinum black) to form ethyl 
alcohol. 

Glycerol, or glycerine, CH 2 OH • CHOH • CH 2 OH, a trihydric 
alcohol, is obtained from fats and oils. Fats are hydrolyzed by 
boiling them with acids or alkalies, by the action of enzymes, or 
by treatment with superheated steam. In the latter process the 
fat is placed in an autoclave and subjected to the action of 
steam at 315° C. for several hours. The glycerol liberated is 
purified by distillation in a partial vacuum. It is a heavy, oily, 
viscous liquid. It is miscible with water in all proportions and 
has a sweet taste. It melts at 17° C. and boils at 290° C. It 
is formed when sugar undergoes alcoholic fermentation, the 
quantity produced varying from 1 to 3 per cent of the weight 
of the sugar. 

Glycerol is used in the manufacture of inks, confectionery, 
and many pharmaceutical preparations. Its most valuable 
compounds are the natural and artificial esters in which glycerol 
is combined with acids. The important esters of glycerol 
occurring in nature are the animal and vegetable fats and oils. 
The chief artificial preparation is nitroglycerine. 
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A mixture of glycerol and solid potassium permanganate 
takes fire spontaneously. In aqueous solution the rate of the 
reaction can be controlled, and tartronic acid is produced. 
Mercuric oxide converts glycerol into glyceric acid. 

CH 2 OH COOH COOH 

III' 

CHOH — >-CHOH — >CHOH 

I I I 

CH2OH CH 2 OH COOH 

Glycerol Glyceric acid Tartronic acid 

Glyceric acid is a sirupy liquid which does not crystallize. 
Tartronic acid crystallizes in large colorless prisms that melt 
at 158°. Both are soluble in water and alcohol, and both de- 
compose below 200°. 

Erythritol, CH 2 OH - CHOH • CHOH • CH 2 OH, a tetrahydric 
alcohol, occurs in many seaweeds. It is a sweet crystalline solid 
(m.p. 126°, b.p. 332°). Erythritol is reduced by hydrogen iodide 
to normal secondary butyl iodide, CH3 • CHI - CH 2 • CH 3 . 
This result indicates that in erythritol the carbon atoms con- 
stitute a normal, or continuous, chain. 

Ambitol and xylitol are isomeric pentahydric alcohols. Ara- 
bitol is a crystalline substance melting at 103°. Xylitol is 
a sirupy liquid. Both are soluble in water, and their solutions 
are sweet. They are obtained by reducing the sugars, arabi- 
nose and xylose. They are both represented by the formula 

CH 2 OH • CHOH • CHOH • CHOH • CH 2 OH. 

Mannitol, dulcitol, and sorbitol are isomeric hexatomic alco- 
hols : 

CH2OH - CHOH • CHOH • CHOH • CHOH • CH 2 OH. 

They are obtained by reducing sugars that have corresponding 
structures. Mannitol occurs in manna, the sap of certain 
species of ash. It is extracted from manna with hot alcohol, 
from which it crystallizes on cooling. 

The most important polyhydric alcohols are those that have 
the carbonyl group (—CO—) in addition to hydroxyl groups. 
They are aldehydes or ketones as well as alcohols. The sugars 
belong to this group. They are considered in the chapter on 
Carbohydrates. 
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UNSATURATED ALCOHOLS 

The unsatarated alcohol corresponding to the simplest pos- 
sible structure, CH 2 =CHOH, has not been prepared. All 
attempts to produce it have resulted in the formation of acet- 
aldehyde, CH 3 — CHO. The hydroxyl group is rarely held by 
carbon which is attached by two bonds to another carbon atom. 
Such compounds are, no doubt, produced in numerous reac- 
tions, but an immediate intramolecular rearrangement gives 
rise to the more stable form. The essential feature of the rear- 
rangement may be outlined as follows : 


OH OH 



The hydroxyl hydrogen atom migrates from oxygen to the 
adjacent unsaturated carbon atom, breaking the double bond 
between the carbon atoms and establishing it between carbon 
and oxygen. Compounds containing structure I are called 
enols. (A hydroxyl group is held by a carbon atom, which, in 
turn, is linked by a double bond to another carbon atom.) 
Structure II is characteristic of aldehydes and ketones. In 
some cases this reaction is reversible and an equilibrium is 
established between the unsaturated alcohol and the aldehyde 
or ketone. This type of reversible change in structure is called 
keto-enol tautomerism. 

Allyl alcohol, CH 2 =CH — CH 2 OH, a colorless liquid (b.p. 
96.6°, sp. gr. 0.872), is prepared by heating glycerol with oxalic 
acid. Oxalic acid is decomposed by heat into formic acid and 
carbon dioxide. Formic acid, HCOOH, and glycerol form an 
ester called monoformin, but at temperatures higher than 215° 
the ester decomposes into carbon dioxide, water, and allyl 
alcohol. At a lower temperature and in the presence of water 
monoformin is readily hydrolyzed to formic acid and glycerol. 


CH 2 0H 

CH 2 OCHO 

CHs’ 

1 

HCOOH 1 

heat || 

CHOH 

*- CHOH 

— ► CH + C0 2 + H 2 0. 

j 

CH 2 OH 

CH 2 OH 

| 

CH 2 OH 

Glycerol 

Monoformin 

Allyl alcohol 
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According to the structure theory three different allyl alcohols 
might exist, namely, CH 2 =CH — CH 2 OH, CH 2 =C 0 H — CH 3 , 
and CHOH=CH — CH 3 . Only the first is known. The second 
and third formulas show the attachment of a hydroxyl group 
to an unsaturated carbon atom. If the second compound were 
formed, it would rearrange to CH3 — CO — CH3, a stable sub- 
stance known as acetone; and the third would change to 
propionaldehyde, CHO — CH 2 — CH 3 . 

Allyl alcohol readily forms an addition product with chlo- 
rine or bromine. It is oxidized by silver oxide to acrolein, 
CH 2 =CH — CHO, and to acrylic acid, CH 2 =CH — COOH. 

Propargyl alcohol, HCssC — CH 2 OH, is a colorless liquid 
boiling at 115°. It forms explosive metallic derivatives cor- 
responding to the silver and copper salts of acetylene. With 
chlorine and bromine the unsaturated alcohols form addition 
products. 

MERCAPTANS 

The mercaptans are related to hydrogen sulfide in the same 
way that alcohols are related to water. Ethyl mercaptan (b.p. 
36°) is formed by heating in an autoclave an alcoholic solution 
of ethyl iodide and potassium hydrogen sulfide just as alcohol 
is made from ethyl iodide and potassium hydroxide : 

C 2 H 6 I + KSH — * C 2 H 5 SH + KI. 

Mercaptans may be made by heating alcohols with phos- 
phorus pentasulfide or by passing a mixture of hydrogen sul- 
fide and alcohol vapor over hot thorium oxide. The mercaptans 
are colorless liquids, slightly soluble in water, and characterized 
by disagreeable odors. Sodium mercaptide, C 2 H 5 SNa, crystal- 
lizes in colorless needles. It is prepared by dissolving sodium in 
an ether solution of ethyl mercaptan. It is extensively hydro- 
lyzed in aqueous solution. Mercury mercaptide, (C 2 HsS) 2 Hg, 
is only slightly soluble in water. It crystallizes from alcohol in 
leaflets melting at 86°. Mercaptans are oxidized to disulfides 
by iodine and an alkali. Nitric acid converts them into sulfonic 
acids : 

2C 2 H 6 SH+I 2 + 20H- — C 2 H 5 — S— S— C 2 H 5 +2 1"+ 2H 2 0. 
C 2 H 6 SH + 6 HNOs — ► C 2 H 5 S0 3 H + 6 N0 2 + 3 H 2 0. 
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The aliphatic ethers are alkyl oxides corresponding to the 
general formula R • 0 • R'. The two alkyl radicals may be alike 
or different. The ethers of low molecular weight are derived 
from alcohols through the elimination of one molecule of 
water from two molecules of alcohol. Thus, from methyl alco- 
hol we obtain dimethyl ether and from ethyl alcohol diethyl 
ether : 

2 CH 3 OH — > CH 3 • 0 • CH 3 + H 2 0 . 

2 C2H5OH — »- C2H5 ■ O • C 2 H 5 + H 2 0 . 

Preparation. 1. The formation of an ether from an alcohol 
by treatment with sulfuric acid is accomplished in two stages. 
In the first step sulfuric acid combines with the alcohol, form- 
ing an alkyl sulfuric acid, and in the second step this intermedi- 
ate product reacts with more alcohol, forming an ether and 
regenerating sulfuric’acid. Thus, in the preparation of ordinary 
ether from ethyl alcohol, we have 

C 2 H 5 OH + H2SO4 — C 2 H 5 HS 0 4 + H 2 0 ; (1) 

Ethyl sulfuric acid 

C2H5HSO4 + C2H5OH — » C 2 H 5 - 0 • C 2 H 5 + H2SO4. ( 2 ) 

Diethyl ether 

In the practical procedure the alcohol and acid are mixed in 
molecular proportions and heated in a distilling flask to 140°. 
More alcohol is then allowed to flow into the mixture as rapidly 
as ether distills out. 

Only ethers of low molecular weight can be made in this 
manner, for the alcohols having more than three carbon atoms 
all react with sulfuric acid to form unsaturated hydrocarbons. 
At higher temperatures the alcohols of low molecular weight 
also yield unsaturated hydrocarbons. At 165° ethyl sulfuric 
acid is decomposed, with the production of ethylene; hence it 
is important to control the temperature in the manufacture 
of ether. 
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The sulfuric acid used in equation (1) is regenerated in 
the second step, (2), and the process can be carried on without 
interruption until approximately fifteen times as much alcohol 
as represented in equation (1) has been used. The reaction 
finally stops on account of dilution with the water formed. 
Sulfur dioxide and other by-products are formed in small 
amounts, owing to oxidation of some of the alcohol by the hot 
s ulf uric acid. Ethyl sulfuric acid reacts with water as follows : 

C2H5HSO4 + HOH —5- C2H5OH + H2SO4. (3) 

This is a reversal of equation (1). The velocity of reaction (3) 
increases as the concentration of water in the mixture increases. 
It gradually approaches the velocity of the reverse process (1), 
and finally a practical limit is reached beyond which it is not 
economical to force the reaction by further additions of alcohol. 

A mixed ether (that is, one containing two different alkyl 
radicals) can be made by forming the alkyl sulfuric acid with 
one alcohol and mixing the product with another alcohol before 
distilling : • 

C2H5OH + H2SO4 — y C2H5HSO4 + H 2 0 ; 

CH3OH + C2H5HSQ4 — V CHs • o • C 2 H 5 + H2SO4. 

Methylethyl ether 

The process, however, yields more than one ether. In this 
case dimethyl ether and diethyl ether are contaminating by- 
products of the reaction. 

2. An ether is formed when a mixture of an alkyl halide and 
an alcoholate is distilled : 

C2H5I + C 3 H 7 ONa — »- C2H5 • 0 ■ C3H7 + Nal. 

This is the most satisfactory method for making ethers of high 
molecular weight. 

3. Ethers have been made by heating alkyl halides with 
silver oxide : 

2 C2H5I + Ag 2 0 — *■ C 2 H 5 • 0 • C2H5 + 2 Agl. 

This method has no practical value. . 

4. Phosphoric acid may be substituted for sulfuric acid in 
the preparation of an ether from an alcohol of low molecular 
weight. ’ 
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Ethers 


Name 

Formula 

Boiling Point 

Specific Gravity 

Dimethyl ether 

CHs • 0 * CHs 

- 24.9° 



Methylethyl ether . . . 

CHs * 0 * C 2 H 5 

+ 7.9° 

0.725 (0°) 

Diethyl ether 

C 2 H 5 • 0 * C 2 H 5 

34.6° 

0.714 (20°) 

Methyl-n-propyl ether 

CHs • 0 • C 3 H 7 

38.9° 

0.747 (0°) 

Methyl-isopropyl ether . 

CHs • 0 • C 3 H 7 

32.5° 

0.735 (20°) 

Ethyl-n-propyl ether . . 

C 2 H 5 • 0 • C 3 H 7 

61.4° 

0.732 (20°) 

Ethyl-isopropyl ether . . 

C 2 H 5 • 0 • C 3 H 7 

54° 

0.745 (0°) 

Dipropyl ether .... 

C 3 H 7 * 0 • C 3 H 7 

89° 

0.763 (0°) 

Di-isopropyl ether . . . 

C 3 H 7 * 0 * C 3 H 7 

69° 

0.743 (0°) 

Ethyl-n-butyl ether . . . 

C 2 H 5 * 0 • C 4 H 9 

91.4° 

0.769 (0°) 

Ethyl-isobutyl ether . . 

C 2 H 5 • 0 * C 4 H 9 

80® 

0.751 (20°) 

Ethyl tertiary butyl ether 

C 2 H 5 • 0 • C 4 H 9 

141° 

0.784 (0°) 

Di-n-butyl ether .... 

C 4 H 9 • 0 • C 4 H 9 

140.9° 

0.769 (20°) 

Di-isobutyl ether .... 

C 4 H 9 • 0 * C 4 H 9 

122.5° 

0.762 (20°) 

Di-isoamyl ether .... 

C 5 H 11 * 0 • C 5 H 11 

172.2° 

0.781 (15°) 


Properties. Dimethyl ether is a gas. All other ethers in- 
cluded in the table are colorless liquids. Some higher mem- 
bers of the series are crystalline solids. The ethers are all 
lighter than water and very slightly soluble in water. They 
are soluble in alcohols, hydrocarbons, chloroform, and other 
organic liquids. There are very few general reactions of the 
ethers, for they are inert compounds. They are not attacked 
by alkalies nor by the free alkali metals. They are unaf- 
fected by cold phosphorus pentachloride, dilute acids, and 
mild oxidizing and reducing agents. 

Hot concentrated nitric acid or chromic acid converts an 
ether into the same oxidation products that would be obtained 
from the corresponding alcohol. Prolonged heating with con- 
centrated sulfuric acid converts diethyl ether into ethyl sul- 
furic acid, with the ultimate production of ethylene : 

(C 2 H 6 ) 2 0 + 2 H 2 SO 4 — * 2 C 2 H 5 HS0 4 + H 2 0 ; 
C 2 H 5 HS0 4 — C 2 H 4 + H 2 S0 4 . 

The decomposition of an ether is much more readily accom- 
plished through the action of hot hydrogen iodide : 

ROR + HI— >ROH + RI; 

ROH + HI — >HOH + RI. 

Ethyl ether. Diethyl ether is the most important represent- 
ative of the group. It is manufactured from alcohol and 
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sulfuric acid in large quantities for use as an anaesthetic and 
as a solvent for organic compounds. It is freed from sulfur 
dioxide by washing it with an aqueous alkaline solution. The 
commercial product usually contains small quantities of alco- 
hol and water. When pure ether is required, the washed ether 
is shaken with granular calcium chloride to remove most of 
the water and alcohol and then allowed to stand in contact 
with sodium wire as long as hydrogen is evolved. It is then 
distilled under anhydrous conditions. 

Ethyl ether is a light, colorless, mobile liquid. It dissolves 
in 11.1 times its own volume of water at 25°. Ether at the 
same temperature dissolves 2 per cent of its own volume of 
water. On account of its high vapor pressure at ordinary tem- 
peratures and the fact that its vapor forms an explosive mix- 
ture with air, ether must be kept away from flames. 



ALKYL HALIDES AND PARAFFIN 
POLYHALIDES 


The alkyl radicals in combination with fluorine, chlorine, 
bromine, and iodine form compounds known collectively as 
the alkyl halides. The direct substitution of fluorine, chlorine, 
or bromine for hydrogen in a hydrocarbon is easily accom- 
plished. Iodine derivatives are prepared by indirect methods 
only. The action of phosphorus and iodine or of phosphorus 
tri-iodide on an alcohol constitutes a satisfactory laboratory 
method for making alkyl iodides : * 

PI 3 + 3 C2H5OH — > 3 C2H5I + H3PO3. 

Chlorides and bromides may be made in the same way by using 
PCI3 and PBr 3 respectively. Hydrogen halide is liberated at 
the same time, and therefore the above equation does not indi- 
cate all that happens. At moderately low temperatures an ester 
of phosphorous acid may be isolated, and it is probably the 
first reaction product formed under any circumstances : 

PI 3 + 3 C2H5OH — +■ P(OC 2 H 5 ) 3 + 3 HI. 

When heated with a halogen acid the ester yields free phosphorous 
acid and an alkyl halide. The alkyl chlorides are usually pre- 
pared from alcohols by treatment with phosphorus trichloride. 

A successful method for making the alkyl bromides and 
iodides consists in adding the halogen acid to an unsaturated 
hydrocarbon : 

CH 2 =€H 2 + HBr — »- CH 3 — CH 2 Br. 

Ethylene Ethyl bromide 

Alkyl bromides and iodides may also be made by distilling a 
mixture of an alcohol and a saturated aqueous solution of the 
appropriate halogen acid : 

CH 3 — CH 2 OH + HBr — > CH 3 — CH 2 Br + H 2 0. 

Ethyl alcohol Ethyl bromide 

The reaction between an alcohol and a halogen acid is reversi- 
ble. If the mixture is heated in a sealed tube, to prevent the 

* Adams and Vorhees, J. Am. Chem. Soc., 41, 789 (1919). 
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escape of volatile products, an equilibrium is established be- 
tween the reagents and the products formed : 

ROH + HBr RBr + H 2 0. 


A reversible reaction reaches equilibrium when the rate of transformation 
in one direction is exactly equal to the rate of change in the reverse order. 
Representing the molal concentration of the alcohol by a, that of the acid by 
6, and the moles per liter of alkyl halide and water by c and d, respectively, 

Gelt 

equilibrium is established when —^ = k. For every reversible reaction there 

is a definite numerical value of k, the equilibrium constant, which can be 
determined experimentally. With k known, the equation affords a means 
of estimating the quantity of each product that will be formed from any 
given mixture. 

At the beginning of the reaction indicated above, c and d are equal to 
zero and the reaction proceeds from left to right only. As soon as e and d 
reach finite values the reverse reaction begins, and it continues with increas- 
ing velocity as the product cd increases. The velocity of the forward reac- 
tion is retarded as the product ab diminishes, until the value of k is reached. 
If x is the number of moles of ROH transformed in time f, it is also the num- 
ber of moles of HX used, and the velocity constant, k u is given by the dif- 
ferential equation 

™ = k 1 (a-x)(b-x). 


The rate of change in the reverse order is 


— dx 
dt 


= k 2 (c + x){d + x ). 


The apparent rate of change in either direction at any instant is the differ- 
ence between the rates of the two opposing reactions, and at equilibrium 
the apparent rate of change is zero. The system has not reached a static 
condition, however. Both reactions are going on, but with equal velocities. 
The equilibrium constant, k, is a ratio between the velocity constants of 
the opposing reactions : 


k — 


h 

k 2 


The alkyl halides are classified as primary, secondary, and 
tertiary compounds. The general formulas are as follows : 


rch 2 x 

Primary , 
alkyl halide 


r 2 chx 

Secondary 
alkyl halide 


R 3 CX 

Tertiary 
alkyl halide 


Properties. Methyl chloride, ethyl chloride, and methyl 
bromide are gases under ordinary conditions of temperature 
and pressure. All other alkyl halides included in the table on 
page 59 are liquids; the higher members are solids. In each 
group the densities decrease as the molecular weights increase. 
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In other words, the specific gravity of an alkyl halide is roughly 
proportional to the per cent of halogen in the molecule. The 
alkyl halides are almost insoluble in water, but they dissolve 
readily in alcohol, ether, benzene, and other organic solvents. 
They do not ionize as pure liquids nor in solution, yet they take 
part in many types of reactions that involve the removal of 
the halogen and substitution of other elements or groups. Most 
of these reactions are slow, incomplete, and reversible. There 
is a lack of uniformity in the behavior of these compounds. 
Ethyl iodide, for example, reacts promptly with silver nitrate, 
yielding a precipitate of silver iodide. Alkyl iodides of higher 
molecular weights either fail to react with silver ions or do so 
very slowly. Alkyl halides are hydrolyzed to alcohols by pro- 
longed boiling with aqueous potassium hydroxide. A hot con- 
centrated alcoholic solution of potassium hydroxide converts an 
alkyl halide into an unsaturated hydrocarbon if the structure 
of the halide permits the removal of hydrogen and halogen 
from adjacent carbon atoms. 

A halogen derivative of an unsaturated hydrocarbon in 
which the halogen is attached to a saturated carbon atom acts 
like an alkyl halide in so far as the behavior of the halogen atom 
is concerned. Allyl bromide, CH 2 =CH — CH 2 Br, 3-bromo- 
propene-1, a liquid boiling at 71°, is derived from allyl al- 
cohol and phosphorus tribromide. It is hydrolyzed to allyl 
alcohol by aqueous alkalies and responds to all the reactions 
that are common to alkyl bromides. On the other hand, 
2-bromopropene-l, CH2=CBr — CH3, a liquid boiling at 48°, 
is not hydrolyzed to the corresponding alcohol by treatment 
with alkali. It is difficult to remove a halogen from a carbon 
atom which is attached by two bonds to another carbon atom. 
However, vinyl bromide, CH2=CHBr (b.p. 16°), is converted 
into acetylene by either alcoholic or aqueous potash. It does 
not yield an ether when heated with an alcoholate. (See page 53 
for the corresponding reaction of an alkyl halide.) 

The group CH 2 =CH — is known as the vinyl radical. 
Vinyl bromide is made by treating ethylene dibromide with an 
alcoholic solution of potassium hydroxide. Continued treat- 
ment with the same reagent results in the production of acety- 
lene. Vinyl chloride (b.p. — 18°) is made in the same way from 
ethylene dichloride. Vinyl alcohol is unknown (see the discus- 
sion of unsaturated alcohols on page 50). 
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Ethyl chloride is prepared in large quantities for use as a 
local anaesthetic. It is placed on the market in small glass 
tubes, each provided with a capillary opening, from which the 
liquid is sprayed upon the tissue to be frozen. The anaesthesia 
is produced, not by virtue of any chemical property of ethyl 
chloride, but merely by chilling caused by the rapid absorp- 
tion of heat from the tissue by the very volatile liquid as it 
vaporizes. 

Methylene chloride, CH 2 CI 2 , is a liquid which boils at 40° and 
has a density of 1.337 g. per cubic centimeter. It is made from 
chloroform by reduction with zinc and hydrogen chloride in 
alcohol. 

Methylene iodide, CH 2 I 2 , is obtained by reducing iodoform 
with hydrogen iodide and red phosphorus : 

CHI 3 + HI — *■ CH 2 I 2 + la. 

Iodoform Methylene 

iodide 

Phosphorus combines with the iodine and, in the presence of 
moisture, regenerates hydrogen iodide. Methylene iodide is a 
very heavy liquid (density = 3.292 g. per cubic centimeter at 18°). 

Chloroform, CHCI 3 (m.p. — 70°, b.p. 61°), is a heavy, color- 
less liquid possessing an agreeable odor and a sweet taste. It 
produces a burning sensation in the mouth. It is an excellent 
solvent for fats and many other types of compounds. It is 
still used extensively as an anaesthetic. Its effect upon the 
heart, however, renders its use dangerous in some cases. 

Chloroform is prepared by distilling alcohol with a hypo- 
chlorite. Bleaching powder is a cheap source of hypochlorite ion 
and is commonly used. The alcohol is first oxidized to acet- 
aldehyde, CH3CHO, which in turn is converted into trichloro- 
acetaldehyde, CCI3CHO. Trichloroacetaldehyde (chloral) is 
hydrolyzed by a hot aqueous solution of any base, the products 
being chloroform and a salt of formic acid. It is assumed that 
the following reactions occur: 

CH3CH2OH + CIO - — > CH3CHO + Cl- + H 2 0 ; ( 1 ) 

CH3CHO + 3 CIO- — CCI3CHO + 3 OH- ; ( 2 ) 

CCI3CHO + OH" — *• CHCI3 + HCOO". ( 3 ) 

A bond between carbon atoms is not severed by hydrolysis 
except in cases of this type, where the two carbon atoms are 
bound to electronegative atoms. 
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Acetone may be substituted for alcohol as a source of chloro- 
form, the by-product in this case being a salt of acetic acid : 

CH3COCH3 + 3 CIO - — *■ CH3COCCI3 + 3 OH- ; (1) 

CH3COCCI3 -f- OH~ — >■ CH3COO- -f- CHCI3. (2) 

There is no positive proof that the above equations accurately 
represent the paths followed in the production of chloroform 
from alcohol and from acetone. Chloral, CCI3CHO, a colorless, 
oily liquid, can be obtained from alcohol by treatment with 
free chlorine. In the absence of hydroxide ions it is not hydro- 
lyzed to chloroform. Chloral combines with water, forming a 
hydrate, CCl3CH(OH)2. This is a colorless crystalline solid 
which melts at 57°. When warmed with sulfuric acid the hy- 
drate loses water, and free chloral is obtained by distillation. 

In the presence of an alcoholic solution of a base, chloroform 
acts on primary amines, forming isocyanides or carbylamines. 
These compounds are characterized by disagreeable odors, 
detectable in extremely small quantities. The reaction affords 
a qualitative test for chloroform or for a primary amine : 

CHCI3 + 3 KOH + C 6 H 5 NH 2 — > C 6 H 5 NC + 3 KC 1 + 3 H 2 0 . 

Chloroform Aniline Phenyl 

isocyanide 

When exposed to light and air chloroform is slowly oxidized 
to phosgene and other products : 

CHCI3 + h O2 — *■ COCl 2 + HC1. 

Vigorous oxidizing agents, such as chromic acid and perchloric 
acid, rapidly bring about the same change. 

Bromoform, CHBr 3 (m.p. 7.8°, b.p. 150.4°, sp. gr. 2.9), is 
made from acetone or alcohol through the action of bromine 
and a base. 

Iodoform, CHI3 (m.p. 119°), is prepared from alcohol by treat- 
ment with iodine and potassium carbonate. Potassium hypo- 
iodite, formed by the action of the carbonate on iodine, is 
the active reagent. Acetone or any other ketone having the 
CH3CO — group may be substituted for alcohol : 

CH 3 • CO • CH 3 + 3 KOI— v CH 3 • COOK + CHI 3 + 2 KOH. 

Iodoform crystallizes in yellow plates. It has a persistent 
odor, resembling that of saffron. It has antiseptic properties 



62 THE CARBON COMPOUNDS 

and is used as a germicide. It is soluble in alcohol and ether 
but insoluble in water. 

Iodoform yields crystalline addition products with amines* 
corresponding to the formulas RNH 2 • CHI 3 , (RNH 2 ) 2 CHI 3 , 
and (RNH 2 ) 3 CHI 3 . Their formation is catalyzed by light. 

CMoropicrin, or nitrochloroform, CC1 3 N0 2 , a colorless liquid 
(b.p. 112°, sp. gr. 1.692 at 0°), is prepared from chloral and 
nitric acid. Its vapor attacks the mucous membrane of the eye, 
and it has been used as a lachrymator in gas warfare. It 
explodes when heated. It is reduced by iron and acetic acid 
to methylamine: 

CCl 3 N0 2 + 6Fe + 9H+ 

— *- CH 3 NH 2 + 6 Fe+++ 3 C1-+ 2 H 2 0. 

Carbon tetrachloride, CCI4, is made from carbon disulfide by 
treatment with chlorine : 

CS 2 + 3 Cl 2 — > CCU + S2CI2. 

The sulfur chloride is removed by shaking the mixed products 
with a solution of sodium hydroxide, or it may be used as a 
source of chlorine by boiling it with an excess of carbon disul- 
fide. Sulfur is precipitated, and an additional yield of carbon 
tetrachloride is obtained : 

CS 2 + 2 S 2 C1 2 — >- CCI4 + 6 S. 

Carbon tetrachloride may be made also by passing chlorine 
gas into hot chloroform. It is decomposed by hot alcoholic 
potash : 

CCI4 + 6 C 2 H s OK + 3 H 2 0 — K 2 C0 3 + 4 KC1 + 6 C 2 H 5 OH. 

It is used as a solvent and as a fire extinguisher. 

Ethylene chloride, CH 2 C1 ■ CH 2 C1, is prepared by the action 
of chlorine on ethylene. Ethylene gas is passed into a warm 
mixture of manganese dioxide, sodium chloride, and 60 per cent 
sulfuric acid. 

Ethylene bromide, CH 2 Br • CH 2 Br (m.p. 10°), is usually pre- 
pared by passing ethylene into bromine under water. The 
action is catalyzed by sunlight. The product is a colorless, 
oily liquid almost insoluble in water. 

* Dehn and Conner, J. Am . Chem. Soc., 34, 1409 (1912). 
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Ethylene iodide, CH 2 I • CH 2 I (m.p. 82°), is made by the 
action of ethylene on a paste of iodine in alcohol. 


Paraffin Polyhalides 

Chlorides j Bromides 


Name 

Formula 

Boiling 

Point 

Formula 

Boiling 

Point 

Methylene chloride 

CH 2 CI 2 

+ 40.1° 

CH2Br2 

+ 97.8° 

Chloroform 

CHCI 3 

61.2° 

CHBr 3 

150.4° 

Tetrachloromethane . 

ecu 

76.8° 

CBr4 

189.5° 

Ethylidene chloride . 

CHa • CHCI 2 

57.3° 

CH 3 - CHBr 2 

110° 

Ethylene dichloride 

CH 2 C 1 • CH 2 C 1 

83.7° 

CH 2 Br - CH 2 Br 

131.7° 

Vinyl trichloride . . . 

CH 2 C 1 - CHCb 

113.5° 

CHaBr • CHBr 2 

188.4° 

Methyl chloroform . . 

CH 3 • CCla 

74.1° 

CHa • CBrs 

— 

Acetylene tetrachloride 

CHCb • CHCb 

146.3° 

CHBr 2 • CHBr 2 

114°* 

Pentachloroethane . . 

CHCb - CC1 3 

162° 

CHBra • CBrs 

103°* 

Hexachloroethane . . 

CCb * CCb 

185° 

CBr 3 * CBr 3 

210° 

Propylidene chloride . 

CHs • CH 2 • CHCb 

87° 

CHs - CH 2 • CHBra 

130° 

1 , 2-Dichloropropane . 

CHs • CHC1 • CH 2 CI 

96.8° 

CHs * CHBr * CHaBr 

140° 

Trimethylene chloride 

CH 2 CI * CH 2 • CH 2 CI 

125° 

CH 2 Br • CH 2 • CHaBr 

167° 


*At 13 mm. Hg pressure. 
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The aliphatic amines are derivatives of ammonia in which 
hydrogen has been replaced by alkyl radicals. They are classi- 
fied as primary, secondary, or tertiary, according to the number 
of hydrogen atoms replaced. General formulas for the three 
classes of amines may be written as follows : 


R — NH 2 

R\ 

>NH 

R\ 

R-AN 


r/ 

r/ 

Primary amine 

Secondary amine 

Tertiary amine 


The simplest member of the class, methylamine, CH3NH2, 
was the first one discovered. It was isolated by Wurtz in 1848 
from the hydrolysis products of methylisocyanate. The iso- 
cyanate was boiled with potassium hydroxide solution, and the 
amine was released as a gas : 

CH3NCO + 2 KOH — CH3NH2 + K2CO3. 

It has an odor similar to that of ammonia, is very soluble in 
water (1150 : 1 at 12°), and, like ammonia, its solution in 
water is basic. 

An equilibrium exists between ammonia and ammonium hy- 
droxide in aqueous solution : 

NH 3 + H 2 0 *=± NH4OH. 

The ammonium hydroxide ionizes, yielding hydroxide ions, and 
by virtue of this ionization it precipitates iron and aluminum 
as hydroxides from solutions containing ions of these metals. 
The amines behave in the same way. They turn li tm us blue 
and precipitate the hydroxides of iron and aluminum from 
aqueous solutions, owing to the establishment of the following 
equilibria : 

RNH 2 + H 2 0 RNH3OH ; 

RNH3OH RNH 3 + + OH-. 

Methylamine is so much like ammonia in all its chemical 
and physical properties that it was mistaken for ammonia 
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when first produced and was identified as a different substance 
only after the observation was made that it burns in air. 

To continue the analogy we may consider the addition re- 
actions of ammonia and of amines. Ammonia combines with 
an acid to form an ammonium salt : 

NH 3 + HBr — NKtBr. 

The amines react with acids in the same way to form substi- 
tuted ammonium salts : 

CH 3 NH 2 + HBr — »- CH 3 NH 3 Br. 

The structures of ammonium salts and of amine salts are iden- 
tical. In each case four positive radicals are attached directly 
to the nitrogen atom and a negative ion is held by the am- 
monium ion through an entirely different type of bond. 

Nitrogen, belonging to the fifth group in the periodic system, 
has five electrons in its outer shell. The kernel of the atom has 
an equal positive charge. The valence of nitrogen is satisfied 
when an octet of electrons is formed around it, and this is ac- 
complished when four atoms are bound to nitrogen by four 
pairs of electrons. The fifth element or group has no direct 
attachment to the nitrogen. It acquires from the nitrogen one 
electron and is held in the neighborhood of the positive am- 
monium radical without definite orientation. The formulas of 
ammonium chloride and of the hydrochloride of a tertiary 
amine may be written as follows : 


_ H — 



r 5 u 

HSNSH 

0 0 

“CIS 

and 

w 

0 0 

:zt 

0 0 

w 

0 0 

_ H __ 

0 O 


L R J 


To emphasize the view that in ammonium compounds the 
negative atom or group is not attached directly to the nitro- 
gen atom, formulas of the type R 4 N (X) or R^N+X - will some- 
times be used. The symbol R is used here to represent either 
an aliphatic or an aromatic carbon radical or a hydrogen 
atom. The small circles represent electrons. 

Preparation. 1. The amines may be prepared by heating, 
in sealed tubes, alkyl halides and ammonia dissolved in alcohol 
(Hofmann’s method). Secondary, as well as primary, alkyl 
halides may be used in this reaction. Mixtures of tertiary 
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alkyl halides and ammonia yield unsaturated hydrocarbons and 
ammonium salts. Primary and secondary alkyl halides yield 
olefines when warmed with alcoholic potash but do not ordi- 
narily decompose in this manner in the presence of an excess 
of ammonia. The reaction between ammonia and an alkyl 
halide does not stop when one hydrogen atom of the ammonia 
molecule has been replaced. Another alkyl halide molecule 
reacts with the primary amine, RNH 2 , replacing one more 
hydrogen atom, with the formation of a secondary amine, 
R2NH. This in turn yields a tertiary amine, R3N, in which 
the three hydrogen atoms of ammonia have all been replaced 
by alkyl groups. The reactions occur as follows : 

C 2 H 5 I + NH 3 — > CaHsNHsI. (1) 

The ethyl ammonium iodide, C2H5NH3I, in the presence of 
ammonia is in equilibrium with ethylamine and the ions of 
ammonium iodide : 

C 2 H 5 NH 3 I + NH 3 C 2 HsNH 2 + NH 4 + + I". ( 2) 

We may therefore combine reactions (1) and (2) : 

C 2 H 5 I + 2 NH 3 — C 2 H 5 NH 2 + NH*+ + I". (3) 

This is followed by reactions in which amines combine with the 
alkyl halide: 

C 2 H 6 I + C 2 H 6 NH 2 + NH 3 — > (C 2 H 6 ) 2 NH + NH 4 + + 1- ; (4) 
C 2 H 5 I + (C 2 H 6 ) 2 NH + NH 3 — (C 2 H 5 ) 3 N + NH4+ + I". (5) 

Finally, through the addition of the alkyl halide to the tertiary 
amine, a quaternary ammonium salt is formed : 

C 2 H 5 I + (C 2 H 6 ) 3 N — > (C 2 H 6 ) 4 NI. (6) 

The Hofmann method leads to the formation of a mixture of 
primary, secondary, and tertiary amines, together with quater- 
nary ammonium salts. Various methods have been devised for 
isolating pure amines from the mixture. Most of these methods 
involve the decomposition and loss of at least one of the 
products. The first step in the separation is generally accom- 
plished by distilling the alkaline solution with steam. The 
quaternary ammonium salt, R 4 NX, is nonvolatile and remains 
in the distilling flask. The free primary, secondary, and tertiary 
amines pass over with steam. Nitrous acid acts upon the dis- 
tillate, converting the primary amine into an alcohol, forming 
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a nitroso compound with the secondary amine and a salt with 
the tertiary compound : 

CH 3 NH 2 + HONO — > CH 3 OH + H 2 0 + N 8 . 
(CH 3 ) 2 NH + HONO — (CH 3 ) 2 N • NO + H 2 0. 

(CH 3 ) 3 N + HONO — > (CH 3 ) 3 N • HN0 2 . 

The nitroso derivative of the secondary amine usually sepa- 
rates as an oily layer, which can be removed with the aid of a 
separatory fu nn el. If it fails to appear as a distinct layer, it is 
removed from the acid solution by extraction with ether. The 
free amin e is obtained from the nitrosoamine by boiling the 
latter with an aqueous solution of a strong acid, the original 
reaction being reversed by the elimination of nitrous acid at 
the higher temperature : 

(CH 3 ) 2 N - NO + HOH — s- (CH 3 ) 2 NH + HN0 2 . 

The primary amine is lost, having been converted into an 
alcohol, from which it is not easily regenerated. The tertiary 
amine is liberated from the salt by treatment with a base and 
it is obtained in the free state by extraction with ether or by 
distillation. 

The most satisfactory general method for separating primary, 
secondary, and tertiary amines without loss of one of them 
depends upon their reactions with benzenesulfonyl chloride, 
C6H5SO2CI. This reagent is a colorless liquid which fumes 
when exposed to moist air. Its preparation will be described 
later. The mixed amines, separated from the quaternary salt 
as indicated above, are treated with benzenesulfonyl chloride 
and potassium hydroxide solution. Primary amines yield prod- 
ucts which are soluble in the alkali, secondary amines yield 
insoluble products, and the tertiary compounds are unchanged : 

CH 3 NH 2 + C 6 H 6 S0 2 C1 — *- CH 3 NHSO 2 C 6 H 5 + HC1. 

(Soluble in alkali) 

(CH 3 ) 2 NH + C 6 H 5 S0 2 C1 — > (CH 3 ) 2 NS0 2 CeH 5 + HC1. 

The insoluble derivative of the secondary amine is removed 
from the mixture by mechanical means. The unchanged er 1- 
ary amine and the sulfonamide derived from the primary amine 

' * Trimethylamine is an exception. It forms a salt with benzenesulfonyl chloride. 

Vorlander and Nolte, Ber., 46, 3212 (1913). 
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are extracted together from the alkaline solution by shaking 
the mix ture with ether. From the ether solution the tertiary 
amine is extracted, in the form of a salt, by acidified water. The 
free primary and secondary amines are obtained from these 
derivatives by hydrolysis. The hydrolysis is accomplished by 
boiling the compound with an acid : * 

CH 3 • NH • S0 2 C 6 H 5 + HOH — CH 3 NH 2 + C 6 H 5 S0 3 H. 

2. Primary amines may be prepared free from secondary 
and tertiary compounds by reduction of nitriles (alkyl cyanides) 
with hydrogen in the presence of finely divided platinum at 
200° or by the action of sodium on an alcoholic solution of the 
nitrile : 

RCN + 2 H 2 — > R • CH 2 • NH 2 . 

3. Amin es are formed through the reduction of nitroparaffins 
by sodium amalgam in alcohol or by zinc or tin in hydrochloric 
acid. This reaction is of little importance in the preparation of 
aliphatic amines, but constitutes the best method for making 
the corresponding aromatic compounds. This procedure will be 
illustrated later. 

4. Amines are formed when isocyanates are hydrolyzed by 
boiling them with dilute alkali : 

RNCO + H 2 0 — *- RNH 2 + C0 2 . 

5. The action of bromine and an alkali on an acid amide re- 
sults in the formation of an amine. The net result of the 
reaction is indicated by the equation given below, but con- 
sideration of the mechanism by which it is accomplished is 
reserved for later treatment : 

RCONH 2 + Br 2 + 4 KOH 

— RNH 2 + 2 KBr + K 2 C0 3 + 2 H 2 0. 

6. A general method for preparing a pure primary amine is 
based upon Gabriel’s phthalimide reaction. Potassium phthali- 
mide, CeH 4 (CO) 2 NK, combines with alkyl halides as follows: 

C 6 H 4 (CO) 2 NK + RX — C 6 H 4 (CO) 2 NR + KX. 

* Hinsberg, Ber., 38, 906 (1906). In the acid solution the amine is converted 
into a salt, but it can be obtained in the free state by warming the salt with a base, 
just as ammonia can be obtained from an ammonium salt by treatment with a 
base. 
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The product when hydrolyzed yields phthalic acid and a pri- 
mary amine : 

C 6 H 4 (CO) 2 NR + 2 H 2 0 — »- C 6 H4(C00H ) 2 + rnh 2 . 

The details of this process are outlined on page 398. 

Properties. The amines of low molecular weight are gases, 
the intermediate members are liquids, and those of high molec- 
ular weight are solids. Volatility and solubility decrease as 
the molecular weights increase. 

The hydrates of the primary, secondary, and tertiary amines 
act like weak bases, for, like ammonium hydroxide, they lose 
water and exist largely in the form of free amines in aqueous 
solution. The quaternary bases cannot lose water in the same 
way, for in these compounds there is no hydrogen attached to 
the nitrogen atom. They are strong bases, being almost com- 
pletely ionized in dilute solutions. 

The following equilibria are established with amines in 
water : 

RNH 2 + H 2 0 z£± RNHsOH RNH S + + OH - . 

We do not know how much of the amine is in the form of 
RNH 3 OH. We have no means of distinguishing between RNH 2 
dissolved as such in water and the hydrated form. We are 
therefore unable to evaluate the first of the two equilibria. 
We are able to determine the concentration of the hydroxide 
ions in solution by means of indicators, and we can determine 
the sum of all forms of the amine in solution by titration. The 
dissociation constants of amines as bases are calculated from 
the equation 

rr = (RNHs + XOH-) 

6 (RNH 2 ) + (RNH 3 OH) 

In applying this formula the concentrations of the ions and 
molecules represented by formulas in parentheses are expressed 
in moles per liter. The denominator, (RNH 2 ) + (RNH 3 OH), 
represents the total number of moles per liter of the base in 
solution minus the number of moles that have dissociated. If 
B represents the total base in solution in all forms, the equation 
may be written 

v (RNH 3 + )(OH-) _ (OH -) 2 

6 B - (OH - ) B - (OH - ) 
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In weak bases B — (OH“) has nearly the same value as B, and 
the equation is often used in the form 


K b = 


(OH -) 2 

B 


The constants for a few amines are given in the following table : 


Name 

Formula 

K b 

Moles of OH- 
per Liter in a 
0.1 M Solution 

Ammonia 

NH 3 

1.9 x 10-s 

1.4 X 10-3 

Methylamine 

CH3NH2 

5 x 1 CT4 

6.9 X IO - 3 

Dimethylamine 

(CH 3 ) 2 NH 

7.4 x 10"4 

8.6 x 10-s 

Trimethylamine 

(CH 3 ) 3 N 

7.4 x 10-5 

2.7 x 10-3 

Ethylamine 

C2H5NH2 

5.6 x 10“4 

7.2 X 10-3 

Diethylamine 

(C 2 H 5 ) 2 NH 

1.3 x 10-s 

1.1 X 10-2 

Triethylamine 

(C 2 Hs) 3 N 

6.4 x. IQ" 4 

8 X 10-3 


To calculate the concentration of hydroxide ions in a 0.2 M solution of 
trimethylamine, the constant Ki is used as follows : 


(OH-) 2 

0.2 


= 7.4 X 10" 5 , 


(OH-) 2 = 1.48 X 10" 5 , 

(OH~) = Vl4.8- x 10~ 6 = 3.84 x 10 -3 moles per liter. 
Fraction of the base ionized = 


Per cent ionized = — X 100 = 1.92 %. 


In this estimation the concentration of OH - ions was considered negligible 
as compared with the total quantity of base present. A more accurate 
calculation is made as follows : 


(OHtL 2 ■■ = 71 xio^ 

0.2 - (OH-) ' 

(OH-) 2 = (1.48 x 10- 5 ) - (7.4 x 10-«)(OH“), 
(OH-) 2 + (7.4 x 10-*) (OH") - (1.48 x 10~ 5 ) = 0. 
This is a quadratic equation corresponding to the form 

ax 2 + bx + c = 0 ; 


the solution is 


x = — b db 


■ 4 ac 


2 a 


Then 


= - (7.4 X 10~ 5 ) ± V (54.8 X lO-io) + (5.92 x lQ-g) 

2 

_ - (7.4 x 10- s ) ± Vj 0.00548 x 10-°) + (59.2 x 10~ 6 ) 
. 2 

_ - (0.074 X IQ" 3 ) ± (7,69 X 10-°) 

2 

= 3.81 X 10~ 3 moles per liter. 
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^ j 3.81 X 10- 3 

Fraction ionized = — — 

\J mU 

Per cent ionized = il - i H x . x 100 = ?— k x 1?~ . = i qn<% 

0.2 0.2 ' ' 

The primary and secondary amines react with acid chlorides 
as do the alcohols : 

RNH 2 + CH 3 • COC1 — *- R • NH • CO • CH 3 + HC1. 
R 2 NH + CH 3 • COC1 — R 2 N • CO • CH 3 + HC1. 

In some cases, both hydrogen atoms in the primary amino 
group are replaced by acyl radicals ; but usually only one is 
removed, as indicated in the equation. The products (substi- 
tuted amides) are easily crystallized and- purified, and are there- 
fore readily identified. 

The boiling points of a few amines are given below : 


Name 

Mono- 

Di- 

Tri- 

Methylamine 

-6.5° 

+ 7.4° 

+ 3.5° 

Ethylamine 

+ 16.6° 

56° 

89.5° 

Normal propylamine . . 

48.7° 

110.7° 

156° 

Isopropylamine .... 

34° 

84° 

— 

Normal butylamine . . . 

76° 

161° 

214° 

Isobutyl amine 

68° 

138.8° 

191.5° 

Secondary butylamine . . 

O 

CO 

<x> 

132° 

— 

Tertiary butylamine . . 

43.8° 

— 

— 

Normal amylamine . . . 

H - 1 

o 

o 

— 

— 

Isoamylamine 

95° 

190° 

237° 


Phosphines. Derivatives of phosphine, PH 3 , are formed by 
methods similar to those employed in making amines from 
amm onia. The principal types of phosphorus compounds cor- 
respond to the following formulas : 

RPH 2 r 2 ph r 3 p R 4 px 

Primary Secondary Tertiary Quaternary 

phosphine phosphine phosphine phosphomum 

compound 


The hydroxides formed when primary, secondary, and ter- 
tiary phosphines are dissolved in water are weaker bases than 
the corresponding nitrogen compounds. 
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Primary alcohols are converted by oxidation into aldehydes 
without loss of carbon. The aldehyde molecule differs in com- 
position from the corresponding alcohol by two hydrogen 
atoms. The properties of alcohols that depend upon the hy- 
droxyl group are lacking in aldehydes. They contain no 
hydrogen that is replaceable by metals. Phosphorus penta- 
chloride acts upon the aldehyde molecule, replacing oxygen 
only, and for each atom of oxygen removed two atoms of 
chlorine are introduced : 


C2H4O + PC1 5 — *■ C 2 H 4 C1 2 + POCI3. 


Evidently the hydroxyl hydrogen of the alcohol is one of the 
two atoms removed by oxidation. The — CH 2 OH group of 


the alcohol is 


thus converted into 


/H 

< 0 - 


In a similar man- 


ner ketones are formed from secondary alcohols; the group 
— CHOH — is converted into — CO — . Aldehydes and ketones 

have in common the group ^>C=0, known as the carbonyl 

group. In ketones two valence bonds of the carbonyl group 
are attached to carbon radicals. In aldehydes one bond is 
attached to hydrogen, and (except in the case of formaldehyde) 
the other is held by a carbon radical. The general formulas are 


/ H 

R - c <0 

Aldehyde 


and 


R 

R 


,>c=o. 


Ketone 


Nomenclature. The aldehydes are named from the acids 
which they produce when oxidized. Formaldehyde, or formic 
aldehyde, H • CHO, is the member of the series from which 
formic acid may be derived. Acetaldehyde, or acetic aldehyde, 
CH3 • CHO, yields acetic acid when oxidized. 
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Ketones are named from the radicals attached to the car- 
bonyl group. Thus CH 3 • CO • CH 3 is dimethyl ketone, and 
CH 3 • CO • CH(CH 3 )2 is methylisopropyl ketone. 

According to the Geneva system an aldehyde is named 
from the hydrocarbon that has the same number of carbon 
atoms in the longest continuous chain. The final e of the 
hydrocarbon name is changed to al to indicate the presence of 
the aldehyde group. Thus H • CHO is methanal, CH 3 • CHO 
is ethanal, and so on. A ketone is named by changing the final e 
of the name of the corresponding hydrocarbon to one. A num- 
ber following the name indicates the position of the carbonyl 
group ; for example, CH 3 • CH 2 ■ CO • CH 2 • CH 3 is pentanone-3 
and CH 3 • CH 2 • CH 2 * CH • CO • CH 3 is 4-methyl-hexanone-5 

I 

CH 3 

or 3-methyl-hexanone-2. 


Aldehydes 


Name 



Formula 

Melting 

Point 

Boiling 

Point 

Specific 

Gravity 

Formaldehyde 

HCHO 

— 92° 

-21° 

0.815 (- 20°) 

Acetaldehyde 

CH3CHO 

- 123.5° 

+ 20.2°' 

0.781 (20°) 

Propionaldehyde 

C2H5CHO 

- 81° 

48.8° 

0.807 (20°) 

Normal butyraldehyde . . . 

C3H7CHO 

-99° 

75.7° 

0.817 (20°) 

Isobutyraldehyde 

C3H7CHO 

- 65.9° 

61° 

0.794 (20°) 

Normal valeraldehyde . . . 

C4H9CHO 

— 

103.4° 

0.819 (11°) 

Isovaleraldehyde 

C4H9CHO 

-51° 

92.5° 

0.798 (20°) 

Trimethylacetaldehyde . . 

C4H9CHO 

+ 3° 

75° 

0.793 (20°) 

Undecanaldehyde 

C10H21CHO 

-4° 

117° * 

0.825 (23°) 


Ketones 


Name 

Formula 

Melting 

Point 

Boiling 

Point 

Specific 

Gravity 

Acetone 

CH3COCH3 

- 94.3° 

+ 56.1° 

0.791 (20°) 

Methylethyl ketone . . 

CH3COC2H5 

- 86.4° 

79.6° 

0.805 (20°) 

Diethyl ketone .... 

C 2 H 5 COC 2 H 5 

-42° 

101.7 

0.821 (15°) 

Methylpropyl ketone . . 

CH3COC3H7 

- 77.8° 

101.8° 

0.808 (20°) 

Dipropyl ketone .... 

C3H7COC3H7 

- 32.6° 

143.5° 

0.820 (20°) 

Di-isopropyl ketone. . . 

C3H7COC3H7 

— 

123.7° 

0.806 (20°) 

Dipentyl ketone .... 

C5H11COC5H11 

+ 14.6° 

226.3° 

0.826 (20°) 

Dihexyl ketone .... 

CeHiaCOCeHis 

+ 30.5° 

264° 

0.825 (30°) 

Methylhexyl ketone . . 

CHsCOCeHis 

-21.6° 

172.7° 

0.820 (16°) 

Methyloctyl ketone . . 

ch 3 coc 8 h 17 

+ 3.5° 

211° 

0.825 (20°) 


* At 18 mm. pressure. 
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Preparation. Aldehydes and ketones may be prepared by 
the following methods : 

1. Dry distillation of a salt of an organic acid results in the 
formation of a ketone : 

2 CH 3 • COONa — CH 3 • CO • CH 3 + Na 2 C0 3 . (1) 

Sodium acetate Acetone 

Methylethyl ketone is made by distilling a mixture of sodium 
acetate and sodium propionate : 

CH 3 • COONa + C 2 H 6 - COONa 

Sodium acetate Sodium propionate 

' — * CH 3 • CO • C 2 H 5 + Na 2 C0 3 . (2) 

Methylethyl ketone 

Mixed products are obtained from reactions of mixed salts, 
for a ketone may be formed from any two salt molecules. In 
addition to methylethyl ketone, formed as indicated in equa- 
tion (2), the same mixture of salts yields dimethyl ketone and 
diethyl ketone. A mixture of a formate with a salt of another 
organic acid may be distilled to produce an aldehyde : 

H • COONa + CH S • COONa — > CH 3 • CHO + Na 2 C0 3 . 

Formaldehyde and acetone are by-products in this reaction. 

2. Alcohols are oxidized by dichromate ion in acid solution 
or by an acid or alkaline solution of permanganate ion. A 
primary alcohol yields an aldehyde ; a secondary alcohol yields 
a ketone : 

3 RCH 2 OH + 2 Mn0 4 ~ + 0H~ 

— »- 3 RCHO + 2 Mn0 2 + 3 OH~ + 2 H 2 0. 

5 RCH 2 0H + 2 Mn0 4 ~ + 6 H+ 

— 5 RCHO + 2 Mn++ + 8 H 2 0. 

5 R— CHOH — R + 2 Mn0 4 “ + 6 H+ 

— >■ 5 R— CO— R + 2 Mn ++ + 8 H 2 0. 

The reactions of aldehydes and ketones depend upon the 
activity of the carbonyl group. Acetaldehyde, CH 3 • CHO, 
and acetone, CH 3 • CO • CH 3 , are typical representatives of 
the two classes, and the formulas of these compounds are used 
in the following equations, which represent general reactions. 

Addition reactions. Many reagents form addition products 
with aldehydes and ketones by breaking the double bond be- 
tween carbon and oxygen in the carbonyl group. The negative 
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radical of the reagent attaches to the carbon atom, and the 
positive atom or group combines with the oxygen. 

Hydrocyanic acid. A eyanhydrin is formed by the direct 
addition of hydrogen cyanide to an aldehyde or ketone : 


jO /OH 

CHs-Cf + HCN — ^ CHr-C^-CN 
X H \H 


CH S — CO— CH s + HCN — ^ CH 3 — C— CHa 


CN 


A eyanhydrin is a compound in which there is a cyanide radical 
and a hydroxyl group attached to the same carbon atom. 
This reaction is important, for it affords a means of introducing 
a new carbon atom into the molecule. The addition product 
may be used in the synthesis of other classes of compounds. 
The — CN group is easily hydrolyzed to — COOH, giving rise 
to an acid, or it may be reduced to — CH 2 NH 2 , yielding an 


amine. 

Ammonia. Ammonia combines with aldehydes, forming 
addition products analogous to the compounds formed by ad- 
dition of hydrocyanic acid. The procedure in the case of vola- 
tile aldehydes is to pass the vapor, mixed with ammonia gas, 
into cold ether. The aldehyde ammonia is precipitated in 


crystalline form : 


-c/ + HNH 2 
X) 


/H 

CH 3 — C^NH 2 

\OH 


Aldehyde ammonia 


Aldehyde ammonias, like the free aldehydes, have a tendency 
to polymerize. Acetaldehyde ammonia, as ordinarily prepared, 
has the formula (CHaCHOHNH 2 ) 3 . These compounds are de- 
composed by acids, the aldehydes being regenerated. Ketones 
fail to form addition products with ammonia. Formaldehyde 
is exceptional in its behavior with ammonia. It forms a basic 
substance known as hexamethylenetetramine : 

6 HCHO + 4 NH 3 — > (CH 2 ) 6 N4 + 6 H 2 0. 

The Grignard reagent. Magnesium dissolves in an ether solu- 
tion of an alkyl halide, forming an alkyl magnesium compound, 
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RMgX, commonly called the Grignard reagent (see the section 
on the Grignard Reaction, p. 875). Alkyl magnesium halides 
form, with aldehydes and ketones, addition products which 
may be hydrolyzed to produce alcohols. In this way formalde- 
hyde may be used in the preparation of a primary alcohol. 
Any other aldehyde gives rise to a secondary alcohol, and 
ketones are converted into tertiary alcohols: 


H • CHO + RMgX - 

Formaldehyde 

/H 

H-C/OMgX + HOH - 
NR 

CHs-CHO + RMgX - 

Acetaldehyde 

/H 

CH 3 -C/OMgX + HOH 
\R 


CH; 


; ^>C : O + RMgX 


CH 3 ' 

Acetone 

CH 3 \ /OMgX 


/H 

H • C^-OMgX 

nR 

R • CH 2 OH + MgXOH. 

Primary alcohol 

/H 

CH 3 • Cf-OMgX 
\R 

/H 

— ^ CH 3 • CfOH + MgXOH. 
NR 

Secondary alcohol 

CH 3 \ /OMgX 

- > C N 

ch/ NR 


, v /OMgX CHk /OH 

>C< + HOH — >■ >C< +MgXOH 

CH/ NR CH/ NR 


CH/ NR 

Tertiary alcohol 


Bisulfites. Sodium hydrogen sulfite forms a crystalline ad- 
dition product with all aldehydes and with ketones in which a 
methyl radical is attached to the — CO — group : 


CH 3 • CHO + NaHSOs 


CH 3 


>H 

Cr-OH 

NsoaNa 


The aldehyde may be regenerated by distilling the solid 
addition product with sodium carbonate or by heating it with 
an acid.* 


* For discussions concerning the structure of the bisulfite addition product, see 
G. Schroeter, Ber., 61 B, 1616 (1928), and F. Easchig and W. Prahl, Ann., 448, 
265 (1926), 
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Aldol condensation .* In the presence of sodium ethylate, so- 
dium acetate, potassium carbonate, or hydrogen chloride, ace- 
taldehyde condenses to form a compound having twice the 
molecular weight of the original aldehyde. The compound con- 
sists of two aldehyde molecules, chemically combined, and is 
known as aldol. The reaction involved is similar to the addi- 
tion of HCN or NaHS 04 . Hydrogen attaches to the carbonyl 
oxygen, and the residue of the molecule becomes attached to 
carbon: 

/OH 

^CH 2 — CHO. 

\h 

Aldol 

Similar condensations of other aldehydes have been induced. 
Invariably it is hydrogen on the a-carbon atom (that is, on the 
carbon atom adjacent to the — CHO group) which takes part 
in the reaction. 

Propionaldehyde, under the influence of dilute alkali, con- 
denses as follows : 

CHs— CH 2 — CHO + CHs— CH 2 — CHO 

H 

— V CHs— CH 2 — C— CH— CHO. 

I I 

OH CHs 

Aldehydes having no hydrogen attached to the a-carbon do not 
undergo the aldol condensation. 

When an aldehyde is treated with a concentrated solution 
of an alkali, condensation does not stop with the production 
of an aldol. Colored resinous substances of unknown struc- 
tures are formed. Formaldehyde, however, does not resinify 
when warmed with a concentrated solution of a base. Under 
this treatment half of the formaldehyde molecules are oxi- 
dized to formic acid and half are reduced to methyl alcohol : 

2 HCHO + NaOH — >• HCOONa + CH 3 0H. 


,0 


ch 3 — c/ +ch 3 -cho 
\h 


' CHs— C 


* Condensation is a term applied to a variety of reactions in which two or more 
molecules, alike or different, unite by the linking of carbon atoms, with or without 
the elimination of water. 
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Reduction. Sodium amalgam or any source of active hydro- 
gen reduces aldehydes and ketones with the formation of 
alcohols : 

CH 3 • CHO + 2 H — *- CH3 • CH 2 OH. 

CH 3 • CO • CH 3 + 2 H — CH 3 • CHOH • CH 3 . 


Ditertiary alcohols, pinacols, are formed also in the reduction 
of ketones. The secondary alcohol is the chief product when 
an aqueous or an alcoholic solution of the ketone is reduced by 
sodium amalgam. A good yield of tetramethyl glycol (pinacol) 
is obtained from acetone by treatment with mercuric chloride 
and magnesium turnings in dry benzene. Magnesium pinaco- 
late produced in this way is hydrolyzed by subsequent treat- 
ment with water. Pinacol and magnesium hydroxide are the 
hydrolysis products. 


CH 3 \ 

>CO 

CH 3 \ 

X 

:—o 

CH 3 \ 

> 

2 H 2 0 CHa' 

CHa' 

Mg 

CH 3 / 


1 


^ 



Mg 

>- 

CH 3 \ 


CH 3x 


1 

CHa v 

> 


>CO 


>C— 0 

ch 3 / 


CH 3 ' 



ch 3 / 


C— OH 


Acetone 


Magnesium 

pinacolate 


Pinacol 


When warmed with sulfuric acid, the pinacol undergoes an 
intramolecular rearrangement in which it loses a molecule of 
water and forms pinacolone, or tertiary butyl-methyl ketone : 


OH OH 

CH 3v | I /CHa 


CH 3 


>°- c < 


CHa 


Pinacol 


CHa\ 

CH3-7C — CO — CH 3 + H 2 0 . 
CH 3 / 

Pinacolone 


The mechanism of this rearrangement is discussed in a later 
chapter (see page 419 ). 

Oxidation. On oxidation aldehydes yield acids without loss 
of carbon, but ketones yield either carbon dioxide and water 
or acids containing fewer carbon atoms than in the original 
ketone ; the products formed depend upon the nature of the 
ketone, the vigor of the oxidizing agent, the temperature, the 
concentration, the solvent used, and other factors. The first 
oxidation products of ketones are acids formed by breaking 
the molecule at the position of the carbonyl group. The posi- 
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tion in a molecule where oxidation has already occurred is the 
most susceptible to further oxidation. On this account a 
secondary alcohol is oxidized to a ketone. The — CHOH — 
group is converted to — CO — before any other part of the 
molecule is attacked. In the ketone an atom adjacent to the . 

^>CO group is in the position most susceptible to oxidation. 

The oxidation of the compound CH 3 — CO — CH 2 — CH 3 prob- 
ably takes the following course : 


CHs— CO— CH 2 — CH 3 — *- CH 3 — CO— CHOH— CH 3 

— > CH 3 — CO— CO— CH 3 — *• CH 3 COOH + CH 3 COOH. 


/CH 3 

The ketone CH 3 — CH 2 — CO— CH 2 — CH<^ yields four 

ch 3x 

acids, namely, CH 3 CH 2 COOH, ">CHCOOH, CH 3 C00H, 


CH 3x 

and >CHCH 2 COOH. These products indicate that in 
CH3/ 


CH 3 y 


every case the ketone molecule breaks between the carbonyl 
group and an adjacent carbon atom; but not always on the 
same side of the —CO— group. The four acids are not 
produced in equal amounts. The reaction which leaves the 
carbonyl group attached to the smaller of the two radicals 
predominates. 

Fehling’s solution* Aliphatic aldehydes and a few ketones t 
are oxidized by an alkaline solution of cupric sulfate. Fehling's 
solution is made by adding copper sulfate to a solution of sodium 
potassium tartrate and sodium hydroxide. In the presence of 
tartrates cupric hydroxide is not precipitated. A clear, dark 
blue solution is formed which, when warmed with an aldehyde, 


* In Fehling's solution the copper is present chiefly in the anion of the complex salt 

.0— CH— COONa 
Cu<f | 

\0— CH— COONa 

A smell amount of cupric ion, Cu++, is present also, and since all forms of copper in 
the mixture are in equilibrium with each other, the oxidizing effect of the reagent 
can be represented by using, in the equation, either the cupric ion or the complex 
copper tartrate ion. 

t Fructose reduces Fehling's solution (see page 160). Ketones having the group 
— CHOH — CO— are very easily oxidized. 
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yields a brick-red precipitate of cuprous oxide. In a qualitative 
way, the change may be represented by the equation 

R • CHO + 2 Cu+ + + 5 OH- — > Cu 2 0 + 3 H 2 0 + R • COO". 

This reaction is of clinical value. It is the test ordinarily ap- 
plied to determine the presence or absence -of glucose in the 
urine. There is a definite relationship between the amount 
of cuprous oxide precipitated and the amount of sugar oxidized 
(a relationship not accurately represented by the above equa- 
tion), so that the reaction forms the basis of quantitative 
methods for estimating the sugar present in the urine — a 
matter of prime importance in the diagnosis and treatment of 
diabetes. 

Totten's reagent.* An ammoniacal solution of silver oxide may 
be made by precipitating silver oxide from silver nitrate solu- 
tion by the addition of sodium hydroxide and redissolving 
the precipitate in dilute ammonium hydroxide. A solution pre- 
pared in this way is called Tollen’s reagent. When it is warmed 
with an aldehyde in a test tube or beaker, a fine mirror is pro- 
duced on the walls of the container through the plating out of 
metallic silver : 

RCHO + 2 Ag+ + 3 OH- — *- RCOO“ + 2 Ag + 2 H 2 0. 

A few ketones reduce silver oxide, but by placing a time limit 
upon the reaction the test may be used to distinguish aldehydes 
from ketones. Aldehydes are oxidized rapidly by this reagent. 

Other reactions. There are other reagents that react with 
aldehydes and ketones, with results that do not fall within the 
categories listed above. 

Phosphorus pentachloride acts upon aldehydes and ketones, 
replacing the carbonyl oxygen by two chlorine atoms : 

CH 3 • CHO + PC1 5 — k CH 3 • CHC1 2 + POCl 3 . 

CH 3 • CO • CH 3 + PC1 5 — CH 3 • CC1 2 - CH 3 + POCl 3 . 

Hydroxylamine. t Aldehydes and ketones combine with hy- 
droxylamine, eliminating water and forming oximes: 

* In Tollen’s reagent the silver is present in the form of a complex ion correspond- 
ing to the formula Ag+(NHa) 2 . 

> f Hydroxylamine, NH 2 OH, a white solid (m.p. 33°, b.p. 58° under 22 mm. 
pressure), is an unstable compound. It decomposes rapidly, even below its melt- 
ing point, and it explodes if heated to 130°. It forms stable salts with acids. The 
hydrochloride, NHaOH • HC1, is generally used in the reactions listed above. A 
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CH S • CHO + H 2 NOH — > CH S • CH : NOH + H 2 0. 

Acetaldoxime 

CH 3 \ CHs\ 

>C : 0 + HsNOH — > >C : NOH + H 2 0. 

ch 3 / ch 3 / 

Dimethylketoxime 

The oximes are readily changed by intramolecular rearrange- 
ment into totally different compounds. The change is dis- 
cussed under the Beckmann Rearrangement. 

Phenylhydrazine. With aldehydes and ketones, phenylhy- 
drazine* forms compounds known as hydrazones : 


CH 3 • CHO + H 2 N • NH • C 6 H 5 

— »- CH 3 -CH:N-NH-C 6 H 5 + H 2 0. 

CH 3 \ 

>C : O + H 2 N • NH • CeHs 

ch 3 / 

CH 3v 

— > >C :N-NH-C 6 H 5 + H 2 0. 

ch 3 / 


Hydrazones are hydrolyzed by boiling them with acids, the 
original aldehyde or ketone being regenerated. 

Alcohols. When aldehyde and alcohol mixtures are saturated 
with hydrogen chloride gas and heated under pressure, acetals 
are formed : 

CH 3 • CHO + 2 C 2 H 5 OH — ► CH 3 • CH(OC 2 H 5 ) 2 + H 2 0. 

Acetal 


The lower members of the series of acetals are volatile liquids 
of aromatic odor. They are less dense than water and quite 
stable. They dissolve in alcohol and in ether ; but are almost 
insoluble in water. When digested for a long time with dilute 
hydrochloric acid at 100°, they are hydrolyzed, the aldehydes 
and alcohols being regenerated. They are not hydrolyzed in 
alkaline solution. 


stronger base than hydroxylamine is added to remove hydrochloric acid from the 
salt and liberate free hydroxylamine in the presence of the aldehyde or ketone. 
Hydroxylamine hydrochloride is made by the action of tin on a mixture of dilute 
nitric and hydrochloric acid solutions. Nitric acid is reduced by hydrogen liberated 
from hydrochloric acid. The tin ions are removed from the solution by precipitation 
with hydrogen sulfide. The stannous sulfide is filtered out, and the filtrate is 
evaporated to dryness. From the residue hydroxylamine hydrochloride is extracted 
with absolute alcohol. 

* For a description of phenylhydrazine, C 6 H 5 NHNH 2 , and its salts see page 229. 
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Semicarbazide. A crystalline derivative of hydrazine, called 
semicarbazide, is made by heating a mixture of urea and 
hydrazine hydrate. It corresponds to the formula 

H 2 N— NH— CO— NH 2 . 


It reacts readily with aldehydes and ketones, forming deriva- 
tives known as semicarbazones : 


NH— NH 2 



Acetone Semicarbazide 

(b.p. 56.1°) (m.p. 96°) 



co 



Acetone semicarbazone 
(m.p. 187°) 


+h 2 o. 


Schiff’s reagent. Magenta, a beautiful red dye, is decolorized 
by sulfur dioxide. The color of this reagent is promptly re- 
stored by a few drops of an aldehyde solution.* 


THE LOWER ALDEHYDES AND KETONES 

Formaldehyde, HCHO, is a gas under ordinary conditions 
of temperature and pressure. It has an irritating effect upon 
the mucous membrane, causes suffocation, and produces tears. 
Most aldehydes resinify when warmed with concentrated al- 
kalies, but the behavior of formaldehyde in alkaline solution is 
exceptional. Instead of forming a resin it undergoes oxidation 
and reduction, forming a salt of formic acid and methyl alcohol. 

Formaldehyde is soluble in water and it is usually placed on 
the market in the form of an aqueous solution (formalin, 40 per 
cent HCHO) or as "paraform,” a waxlike solid polymer of 
formaldehyde. The tendency of formaldehyde to polymerize — 
that is, for two or more molecules to unite with each other — 
is so pronounced that evaporation of formalin on a steam bath 
results in the formation of a large amount of paraform, (CH 2 0) n . 
This solid substance decomposes when heated, yielding form- 
aldehyde gas. It is used in the manufacture of candles, which 
on burning release the gas in sufficient quantities to serve for 
fumigation. The pure gas liquefies at — 21°, and on standing 
the liquid polymerizes. It is possible to secure crystals of pure 

* For the composition of the colored product and the technique of applying the 
test see Porter, Stewart, and Branch's '’Methods of Organic Chemistry” (Ginn 
and Company). 
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formaldehyde by rapidly cooling the liquid to — 92 ° by means 
of liquid air. The crystals are soluble in cold ether. The molecu- 
lar weight of formaldehyde in the vapor phase corresponds to 
the formula CH2O. In solution it varies with the concentration. 
In concentrated solutions the dissolved molecules associate, 
forming aggregates consisting of double or triple molecules. 
There is also evidence of hydration, the single, double, and 
triple molecules of the aldehyde uniting with the solvent to 
form heavier molecules. A crystalline polymer of definite com- 
position and molecular weight has been isolated from the 
amorphous mass formed when formalin is evaporated. It is 
the chief product obtained when anhydrous liquid formalde- 
hyde polymerizes. The compound is known as trioxymethylene. 
It sublimes unchanged and dissolves in water. It has the 
formula (CH20)3. A different type of condensation is induced by 
saturating an aqueous solution of formaldehyde with calcium 
hydroxide and allowing the mixture to stand for several days. 
The product formed is commonly called acrose. It corresponds 
to the formula C6H12O6 and has the properties of a sugar. 

Formaldehyde is prepared commercially by passing a mix- 
ture of air and methyl alcohol vapor over hot copper : 

CH3OH + 1 0 2 — »- HCHO + H 2 0 . 

Formaldehyde renders albuminous substances tough and in- 
soluble and it is used in large quantities in the preparation of 
tissues for histological work. It is employed also in the manu- 
facture of various types of plastics, including artificial ivory 
from casein and bakelite from phenol. 

A quantitative estimation of formaldehyde may be made 
by oxidizing it with hydrogen peroxide in the presence of a 
measured excess of standard sodium hydroxide solution: 

HCHO + NaOH + H 2 0 2 — > HCOONa + 2 H 2 0 . 

The quantity of base used in the reaction is determined by 
titration, and the corresponding quantity of the aldehyde is 
calculated on the basis of the equation. 

Qualitatively formaldehyde may be detected by mixing the solution to 
be tested with an equal volume of milk and a few drops of ferric chloride. 
Concentrated sulfuric acid is then carefully introduced so as to form a 
layer below the mixture. A violet ring at the juncture of the two liquid 
layers indicates the presence of formaldehyde. A more sensitive test, rec- 
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ommended by Schryver, is made as follows : To 10 cc. of the solution to 
be analyzed add 2 ce. of 1 per cent solution of phenylhydrazine hydrochlo- 
ride (freshly prepared and filtered), 1 cc. of 5 per cent solution of potassium 
ferricyanide, and 5 cc. of concentrated hydrochloric acid. A red color de- 
velops immediately if formaldehyde is present. 

Acetaldehyde, CH3 • CHO, a colorless, inflammable liquid 
(m.p. — 123.5°, b.p. 20.2°, sp. gr. 0.781), is usually prepared by 
allowing a mixture of alcohol and sulfuric acid to drop into a 
solution of potassium dichromate : 

3 CH 3 • CH2OH + Cr 2 0 7 — + 8 H+ 

—*■ 2 Cr+ + + + 7 H 2 0 + 3 CH 3 • CHO. 

Conversion of the alcohol to acetic acid is prevented by con- 
tinuous distillation, the aldehyde being removed as fast as 
formed. The aldehyde is miscible in all proportions with water, 
alcohol, and ether. On exposure to air it slowly takes up oxy- 
gen, forming acetic acid. In addition to the general methods 
for preparing aldehydes a few special methods for making 
acetaldehyde have been employed with success. The aldehyde 
can be made from acetylene. The reaction is carried out by 
passing acetylene through a suspension of a mercuric salt in 
dilute sulfuric acid. Ethylene, also, may be used as a source 
of acetaldehyde. The oxidation of ethylene gives rise to glycol, 
CH 2 OH — CH2OH, which loses water when warmed with zinc 
chloride and forms acetaldehyde. The elimination of water 
probably results in the transient existence of CH 2 : CHOH ; 
but a hydroxyl group does not, as a rule, remain attached to a 
doubly linked carbon atom. The hydroxyl hydrogen migrates 
to the adjacent carbon, leaving, in this case, CH3 ■ CHO. 

At 400° acetaldehyde begins to decompose into methane and 
carbon monoxide, and at 600° decomposition is rapid, carbon, hy- 
drogen, and water vapor appearing among the products formed. 

* Acetaldehyde polymerizes very readily. A few drops of con- 
centrated sulfuric acid induce a condensation that proceeds 
with almost explosive violence. When the action ceases, the 
acetaldehyde (b.p. 20.2°) has been converted into a liquid of 
much greater density and boiling more than 100° higher (b.p. 
124°, sp. gr. 0.994). The formula of the new compound, known 
as paracetaldehyde, is (C 2 H40) 3 . It fails to exhibit the ordi- 
nary aldehyde reactions. For example, it does not reduce am- 
moniacal silver solution nor does it resinify with alkalies. On 
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this account it is assumed that the — CHO groups are in- 
volved in the union of the three molecules in such a way as to 
destroy the aldehyde structure. It fails, also, to react with 
sodium, so that there can be no hydroxyl groups present. The 
following constitutional formula for paracetaldehyde has been 
proposed : 



0 C 0 

h /N ch 3 


When distilled with dilute sulfuric acid, it reverts to ordinary 
acetaldehyde. The change is reversible and may be repre- 
sented by a balanced equation : 

3 CH 3 CHO (C 2 KUO) 3 . 

In the process of distillation the more volatile acetaldehyde 
escapes. The equilibrium is thereby disturbed in such a way 
as to promote the decomposition of the paracetaldehyde, and 
the entire mass gradually dissociates, yielding acetaldehyde. 

Acetaldehyde yields a different polymer when cooled to a 
temperature below zero and treated with hydrogen chloride 
gas. The condensation product separates in the form of color- 
less needle-like crystals. On the basis of cryoscopic measure- 
ments it has been assigned the formula (C2 BLiO) 4. It is called 
metacetaldehyde. It lacks the characteristic properties of al- 
dehydes, sublimes at 160°, and at 200° it passes quantitatively 
into acetaldehyde. 

An entirely different condensation of acetaldehyde, known 
as the aldol condensation, has been mentioned (see page 77). 

Acrolein, acrylic aldehyde, CH 2 : CH • CHO, shares the prop- 
erties of aldehydes and of unsaturated hydrocarbons. It is 
made by passing glycerol vapor over hot magnesium sulfate: 

CH 2 OH • CHOH • CH 2 OH — >■ CH 2 : CH • CHO + 2 H 2 0. 

Acrolein is a colorless liquid (b.p. 52°). It is sparingly soluble 
in water and it is characterized by a pungent, unpleasant odor. 
Acrolein combines slowly with atmospheric oxygen, forming 
acrylic acid, CH 2 : CH • COOH. 
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Crotonaldehyde, CH3 • CH : CH • CHO, a colorless liquid (b.p. 
105°), is made from aldol by treatment with hydrochloric acid : 

CH 3 • CHOH • CH 2 • CHO — CH S • CH : CH • CHO + H 2 0. 

Aldol Crotonaldehyde 

Aldol may be formed and dehydrated in one operation by warm- 
ing acetaldehyde with dilute hydrochloric acid. Crotonalde- 
hyde is often made in this way. 

Acetone, CH3 • CO • CH3, is a colorless liquid with an agree- 
able odor and burning taste (b.p. 56.1°, m.p. — 94.3°). It is 
obtained by distilling calcium acetate, or it may be produced, 
along with methyl alcohol, acetic acid, and other products, by 
distilling wood. Glucose, a sugar obtained from starch, is 
another commercial source of acetone. Certain bacteria cause 
a fermentation of glucose that gives rise to acetone, normal 
butyl alcohol, and other products. A different ferment derived 
from yeast converts glucose into ethyl alcohol. 

When acetone is distilled with sulfuric acid, water is elimi- 
nated and a condensation product, known as mesitylene, is 
formed : * 

3 CH 3 • CO • CH 3 — >- 3 H 2 0 + C 9 H 12 . 

In aqueous solution acetone is reduced by sodium amal- 
gam, the principal product being isopropyl alcohol. 

Acetone reacts with the Grignard reagent and with sodium 
bisulfite, phosphorus pentachloride, hydrocyanic acid, hydrox- 
ylamine, and phenylhydrazine as indicated under the discussion 
of general reactions of aldehydes and ketones. The principal 
uses of acetone depend upon its capacity to dissolve a great 
variety of organic compounds. It is employed in the manufac- 
ture of smokeless powders and in the preparation of lacquers 
and paint removers. 

KETENES 

The compounds represented by the formulas H 2 C : C : 0, 
RHC : C : O, and R 2 C : C : 0 are known as ketenes. In many 
respects they resemble ketones ; but the adjacent double bonds 
confer upon the members of this group some properties not 
shared by the ordinary ketones. The simplest member of the 
series, CH 2 CO, commonly called ketene, is a colorless, poison- 
ous gas which liquefies under atmospheric pressure at — 56°. It 

* Orndorff and Young, Am. Chem. J., 15, 249 (1893), 
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is one of the products formed when acetic anhydride or acetone 
is passed through a red-hot tube : 

CH S • CO • CH 3 CH 2 : CO + CH*. 

Ketenes are classified by Staudinger as aldoketenes if they 
correspond to the formula RHC : C : 0 and ketoketenes if 
they have the structure RoC : C : 0. The former polymerize 
so rapidly that it is almost impossible to secure pure samples 
of the monomolecular forms. They are colorless substances 
(most of them liquids) having disagreeable odors. The keto- 
ketenes are colored. Both types dissolve unchanged in benzene 
or ether, but they are decomposed by water or alcohol. 

The ketenes are highly reactive compounds. Most of them 
are susceptible to oxidation by the air. They react with water, 
alcohols, mercaptans, amines, ammonia, acids, halogens, halo- 
gen acids, and with hydrogen as indicated by the following 
equations : 

RsC : C : 0 + H 2 0 —*■ R 2 CH • COOH. 

Acid 

R 2 C : C : 0 + C 2 H 5 0H — v R 2 CH • COOC 2 H 5 . 

Ester 

R 2 C : C : 0 + C 2 H 5 SH — »- R 2 CH • C0SC 2 H 5 . 

Thioester 

R 2 C : C : 0 + R'NH 2 — > R 2 CH • CONHR'. 

Substituted amide 

R 2 C : C : 0 + NH 3 —*■ R 2 CH • CONH 2 . 

Amide 

R 2 C : C : 0 + RCOOH — R 2 CH • CO • O - CO - R. 

Acid anhydridej 

R 2 C : C : O + Br 2 — »- R 2 CBr • COBr. 

Bromoacid bromide 

R 2 C : C : 0 + HBr — ■*- R 2 CH • COBr. 

Acid bromide 

R 2 C : C : 0 + H 2 + hot Ni — >■ R 2 CH • CHO. 

Aldehyde 

Preparation. Ketenes are formed by the action of zinc on 
a-halogen acid chlorides or bromides : 

CH 3 • CHBr • COBr + Zn — *- CH 3 • CH : C : 0 + ZnBr 2 . 
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Magnesium and silver have been used instead of zinc; but 
the former causes loss of material through side reactions, and 
the latter acts very slowly. Anhydrous ether is the solvent 
ordinarily employed. Bromides are more reactive than chlo- 
rides, the latter sometimes failing to respond at all, as in the 
case of chloroacetyl chloride. 

Carbon suboxide. When dry malonic acid is heated with 
ten times its weight of phosphorus pentoxide, a small yield of 
carbon suboxide (C3O2) is obtained. It is a colorless, poison- 
ous gas (b.p. 7°, f.p. — 107°) : 

XOOH .C=0 

( 5 h 2 — =>- C + 2H 2 0- 

Niooh V]=0 

It is not easy to secure carbon suboxide. The chief products 
obtained from malonic acid are carbon dioxide and acetic 
acid. The yield of the suboxide is increased by keeping the 
pressure below 5 mm. In order to liquefy the gas under this 
pressure it is necessary to cool it with liquid air. Carbon 
suboxide is a typical ketene. 



MONOBASIC ACIDS AND THEIR 
DERIVATIVES 

The saturated monobasic acids may be regarded as deriva- 
tives of the paraffin hydrocarbons in which one hydrogen atom 
has been replaced by the carboxyl group, — COOH. They cor- 
respond to the general formula CnBbn+iCOOH or RCOOH. 

The lower members of the series are mobile, colorless liquids, 
having pungent odors and a sour taste; the intermediate mem- 
bers are oily liquids sparingly soluble in water; and those of 
higher molecular weight are odorless solids insoluble in water 
but readily soluble in alcohol, chloroform, or ether. The lower 
members distill without decomposition. Those of higher molec- 
ular weight decompose before boiling. The acids of this series 
having odd numbers of carbon atoms are rarely found in nature ; 
those having even numbers of carbon atoms are abundant. 

The acids of lowest molecular weight have the highest den- 
sities, they are the best electrolytes, the most soluble in water, 
and the most volatile. These qualities are, no doubt, associated 
with their relatively high per cent of oxygen. As the molecular 
weights increase the influence of the two oxygen atoms becomes 
less marked, and in chemical and physical properties the acids 
become more like the corresponding hydrocarbons. Formic 
acid is by far the strongest one of the series. 

The ionization of an acid in aqueous solution is represented 
by the equation 

RCOOH RCOO- + H + . 

The dissociation constant of an acid, K a , is defined by the 
equation (RCOO~)(H + ) 

Ka ~ (RCOOH) 

The ter ms within parentheses represent the concentrations of 
the ions and of the undissociated molecules, in moles per liter, 
when equilibrium is established. The values of K a and of other 
physical constants for some of the saturated monobasic acids 

are given in the following table: 

89 
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Acid 

Formula 

Melting 

Point 

Boiling 

Point 

K a x 105 

Per Cent 
Ionized in 

0.1 N Solution 

Formic 

HCOOH 

+ 8.6° 

+ 101° 

21.4 

4.52 

Acetic . ... 

CHsCOOH 

16.7° 

118° 

1.82 

1.34 

Propionic .... 

CH 3 CH 2 COOH 

- 22.0° 

141° 

1.34 

1.13 

Butyric (normal) . 

CH 3 CH 2 CH 2 COOH 

-7.9° 

162.5° 

1.49 

1.22 

Butyric (iso) . . 

(CHs)2CHCOOH 

+ 79° 

155° 

1.45 

1.20 

Valeric (normal) . 

CHs(CH2)3COOH 

- 58.5° 

186° 

1.45 

1.20 

Valeric (iso) . . . 

(CH 3 )2CHCH 2 COOH 

- 51° 

174° 

1.70 

1.29 

Methylethylacetie 

(CH 3 )(C 2 H5)CHCOOH 

-80° 

177° 

1.69 

1.29 

Trimethylacetic . 

(CHs)3CCOOH 

+ 35.5° 

163.7° 

0.98 

0.99 

Caproic (normal) 

CHs(CH2)4COOH 

-5.2° 

205.7° 

1.40 

1.18 


The degree of dissociation of an acid is influenced by its 
structure and by its mass and composition. The most im- 
portant single factor is the nature of the atoms or groups 
attached to the a-earbon atom. (The a-carbon atom is the 
one adjacent to the carboxyl group.) The changes produced 
in the dissociation constant of an acid by making certain a 
substitutions are shown in the following table : 


Acid 

Formula 


Acetic 

CH 3 COOH 

1.82 X 10-s 

Chloroacetie 

CH 2 CICOOH 

1.55 X 10~ 3 

Bromoacetic 

CHsBrCOOH 

1.38 X 10“ 3 

Iodoacetic 

QMCOOH 

7.1 X 10“ 4 

Dichloroacetic 

CHC12COOH 

5.14 X 10~ 2 

Trichloroacetic 

CCI 3 COOH 

12.1 X 10" 1 

Cyano acetic 

CH 2 CNCOOH 

3.7 x i<r 3 

Hydroxyacetic 

CH 2 OHCOOH 

1.52 X 10~ 4 

Aminoacetic 

CH2NH2COOH 

• 1.8 X 10-i° 


The concentration of the hydrogen ions in an acid solution 
is measured by means of a hydrogen electrode or by the use of 
colored indicators.* The total quantity of acid in the solution 
is determined by titration with a base. 


1. A 0.1 N solution of acetic acid is 1.34 per cent ionized. Find the value 

oiK a . 

1.34 x 10-2 x o.i = 1.34 x 10-3 - mo les of H+ per liter. 

1.34 x 10" 3 = moles of CH 3 COO' per liter. 

K - (H+HCHsCOQ-) _ (1.34 x 10- 3 )2 _ L8 x lQ-° 

“ (CHsCOOH) 0.1 - (1.34 x 10~ 3 ) (10 X 10-2) _ (.134 x 10“2) 

_ 1.8 x 10~ 6 _ 18 X 10~ 7 


,9.87 X 10-2 9. 87 x 10-2 


= 1.82 X 10-*. 


*W. M. Clark, The Determination of Hydrogen Ions. Williams and Wilkins 
Company, Baltimore. 
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To find the pH of such a solution we have 


pH^iog— = lo g 


• log (1.34 x 10-3). 


1.34 x 10“ 3 

log 1.34 = 0.127 

log 10- 3 = - 3.000 
log 1.34 4- log lO- 3 = - 2.873 

— log (1.34 x 10“ 3 ) = 2.873 = pH of 0.1 N solution of acetic acid. 

2. Find the per cent of formic acid which is dissociated in a 0.2 AT solution. 
K a = 2.14 x lO" 4 . 

K _ (H+XHCOO-) _ (H + ) 2 = (H + ) 2 

a (HCOOH) (HCOOH) 0.2-(H + )*‘ 

(H+) 2 = (4.28 x 10-*) - (2.14 X 10- 4 )(H+), 

(H + ) 2 + (2.14 x 10~ 4 ) (H + ) - (0.428 x 10" 4 ) = 0, 


(H+) 


- (2.14 x 10~ 4 ) ±V42A4 x IQ" 4 ) 2 + (1.712 x 10~ 4 ) 
; 2 

(H+) = 6.44 x 10- 3 . 

Fraction ionized = *_^ - 3 = 0.0322. 

0.2 

Per cent ionized = 3.22 %. 


Preparation. 1. The best general method for making the sat- 
urated monobasic acids is the oxidation of primary alcohols. 
Potassium dichromate and sulfuric acid are commonly em- 
ployed to supply the oxygen required. 

3 R * CH 2 OH + 2 O 2 O 7 + 16 H + 

— >■ 3 R • COOH + 4 Cr +++ + 11 H 2 0. 

2. Unsaturated acids are converted into saturated acids by 
reduction. This is accomplished by means of sodium amalgam 
or by zinc in acid or alkaline solution or by the action of free 
hydrogen in the presence of a catalyst such as finely divided 
nickel or palladium. The reaction is of technical importance in 
the conversion of oleic acid into stearic acid. 

* In weaker acids (Ka < 10“ 4 ) the value of (H + ) is so small in comparison with 
the total acid concentration that this term may be neglected. The calculation 
would be simplified by using 

= 2,14 X 10" 4 , 

0.2 

but in this case such an approximation would introduce an appreciable error (see 
page 70). 
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3. An alkyl cyanide, or nitrile, is hydrolyzed when heated 
with an aqueous solution of an acid as indicated by the fol- 
lowing equation : 

C 2 H 5 CN + 2 H 2 0 + HC1 — *■ C 2 H 5 COOH + NH 4 + + Cl- 

4. When carbon dioxide is passed into an ether solution of an 
alkyl magnesium halide (Grignard reagent), an addition product 
is formed which is readily hydrolyzed by cold water. The 
hydrolysis product is an acid. 

/OMgX 

C 2 H 5 MgX + C0 2 — C=0 

'C2H5 

/OMgX 

C^O + H 2 0 — * C 2 H 5 COOH + MgXOH. 

\c 2 h 5 


The acid is extracted with ether and obtained in the free state 
by evaporating the solvent. 

Nomenclature. Special names have been given to all the 
common acids, and well-established names, though often mean- 
ingless, are not easily replaced by scientific nomenclature. A 
complete system for naming the acids is based upon the names 
of the paraffin hydrocarbons having the same number of car- 
bon atoms in the longest continuous chain. The final e of the 
name of the hydrocarbon is changed to oic. Thus CH3 • COOH 
is ethanoic acid ; CH3 • CH2 • COOH is propanoic acid, etc. 
Positions of side chains are indicated by numerals preceding 
the names of the groups. The carboxyl carbon is usually 
numbered 1 . The letters of the Greek alphabet are often Used 
to designate a particular position in the chain. The lettering 
begins with the carbon atom next to the carboxyl group : 


CHs— CH— COOH 


• CH 3 

2-Methylpropanoic acid 
or 

a-Methylpropanoic acid 


CH 3 — CH 2 — CH— CH— COOH 


CHs NH 2 

2-Amino-3-methylpentanoic acid 
or 

a-Amino-j8-methylpentanoic acid 


Acyl radicals. The univalent residual group that would be 
left if the hydroxyl in the carboxyl group were eliminated 
from an acid is called an acyl radical. Acyl radicals do not 
exist in the free state, but they are present in many types of 
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acid derivatives. They are named from the corresponding acids 
by changing the final ic to yl. 


Acids 

Formic H • COOH 

Acetic CH3 • COOH 

Propionic .... C2H5 • COOH 


Acyl Radicals 

Formyl H • CO — 

Acetyl CH3 • CO — 

Propionyl C2H5 • CO — 


ACIDS OF LOW MOLECULAR WEIGHT 


Formic acid, H - COOH, differs from all other members of the 
series in being easily oxidized. This is due to the fact that it is 

an aldehyde as well as an acid, H — ^ * s decomposed 


by concentrated sulfuric acid, slowly when cold but with rapid 
effervescence at high temperatures, the products being carbon 
monoxide and water. Many of the salts of formic acid are 
decomposed by heat. Mercury and silver formates when 
warmed yield the free metals, carbon dioxide and formic acid, 
half of the acid being liberated and half oxidized. With silver 
formate the reaction is 


2 HCOOAg — 2 Ag + C0 2 + HCOOH. 


With mercuric formate the change takes place in two stages, 
mercurous formate being first produced; and from that salt 
free mercury is liberated on further heating : 

2 (H • COO) 2 Hg — v 2 H • COOHg + C0 2 + H • COOH ; 

2 H • COOHg — >• 2 Hg + C0 2 + H • COOH. 

When heated to 400°, sodium formate yields hydrogen and 
sodium oxalate : 

H • COONa COONa 

— *-H 2 + | 

H • COONa COONa 


Formic acid is a colorless liquid with an irritating odor. It 
produces a burning sensation when in contact with the skin, 
and nnlftss promptly removed it forms blisters. It forms a 
constant boiling mixture with water (77.5 per cent acid, b.p. 
107.1°) and therefore cannot be freed from water by distilla- 
tion alone. It occurs in the body fluids of ants and bees. 
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Preparation. Formic acid may be prepared by any of the 
following methods, the first three being the most practical : 

1. Sodium formate and sodium oxalate are formed when saw- 
dust is heated with a concentrated solution of sodium hydroxide. 
Free formic acid is obtained by heating a dry mixture of sodium 
formate and sodium bisulfate. 

2. At temperatures between 150° and 225° sodium hydroxide 
absorbs carbon monoxide, forming sodium formate : 

NaOH + CO — y HCOONa. 


Even at ordinary temperatures this reaction proceeds with a 
measurable velocity. 

3. When heated alone, oxalic acid is decomposed with the 
formation of water, carbon dioxide, and carbon monoxide. If, 
however, a glycerine solution of oxalic acid is heated to 120°, the 
principal products are formic acid and carbon dioxide. Glyc- 
erol and formic acid yield an ester called glycerol monoformin. 
The production of this ester from glycerol and oxalic acid may 
be represented as follows : 


CH 2 OH 

CHOH 

I 

CH 2 OH 

Glycerol 


COOH 


+ 


+- 


COOH 

Oxalic acid 


CH 2 OH 

CHOH + C0 2 + H 2 0. 

CH 2 • O • CHO 

Glycerol monoformin 


The ester is hydrolyzed by the water present in the crystals of 
oxalic acid. The hydrolysis results in the regeneration of glyc- 
erol and the liberation of formic acid : 


,0 


+ H 2 0 — CHOH +H— c/ 

I N)H 


ch 2 oh ch 2 oh 

I 

CHOH 

CH 2 • 0 • CHO CH 2 OH 

4. A salt of formic acid is produced in the hydrolysis of hy- 
drocyanic acid : 

HCN + 2 H 2 6 — >- HCOONH 4 . 

5. Chloroform is decomposed by hot caustic alkali, yielding 
a formate : 

CHCI 3 + 4 KOH — >- HCOOK + 3 KC1 + 2 H 2 0. 
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Acetic acid, CH3COOH, as formed in the fermentation of 
fruit juice, was known to the alchemists of the sixteenth 
century. ‘It was isolated from other fermentation products by 
Stahl (1720), and was first synthesized by Berzelius in 1814. 

The anhydrous acid melts at 16.67° and boils at 118° under 
760 mm. pressure. Below 16° C. the crystalline solid has the 
appearance of ice, and the pure acid is commonly called glacial 
acetic acid. A rise of temperature and contraction in volume 
occur when water is added to acetic acid, the maximum tem- 
perature effect, highest density, and maximum viscosity being 
produced when the solution contains equimolal quantities of 
the acid and water. This indicates the formation of a hydrate, 
CH 3 COOH • H 2 0. 

Pure acetic acid and a 43 per cent solution in water have the 
same density. The changes in density with dilution are indi- 
cated in the following table : 


Concentration 

Specific 

Gravity 

Concentration 

Specific 

Gravity 

Concentration 

Specific 

Gravity 

100 % .... 

1.055 

60 % .... 

1.069 

30 % .... 

1.041 

90 % .... 

1.071 

50 % » • • • 

1.062 

20 % .... 

1.028 

80 % .... 

1.075 

43 % .... 

1.055 

10 %. . . . 

1.014 

70 % .... 1 

1.073 

40 % .... 

1.052 

0 %. . . . 

1.000 


Owing to the high molecular freezing-point constant for acetic 
acid* and the low molecular weight of water, a very small 
quantity of water causes a considerable change in the freezing 
point of the acid. A freezing-point determination, therefore, 
constitutes a satisfactory method for estimating the concentra- 
tion of an acetic acid solution. The effect of dilution on the 
freezing point is indicated in the following table : 


Concentration 

Freezing 

Point 

Concentration 

Freezing 

Point 

Concentration 

Freezing 

Point 

100 % . . . 

16 . 67 ° 

92 . 6 %. . . 

6 . 25 ° 

70 % . . . 

- 18 . 1 ® 

99 % . . . 

14 . 80 ° 

89 . 2 %. . . 

2 . 7 ° 

60 % . . . 

- 26 . 6 ® 

98 % . . . 

13 . 25 ° 

87 . 0 %. . . 

- 0 . 2 ° 

47 % . . . 

- 19 . 3 ® 

96 . 2 % . . 

10 . 50 ° 

75 . 4 %. . . 

- 12 . 8 ° 

10 % . . . 

- 3 . 4 ® 


Acetic acid is an excellent solvent for many organic com- 
pounds. It dissolves readily in the common organic solvents, 
and in most solvents it exists in the form of double molecules. 


* K == 3860 (see page 434). 
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This state of aggregation is detected by molecular-weight de- 
terminations and is known as association. Even in the vapor 
phase, at temperatures below 150°, there is considerable as- 
sociation. 

Several methods have been developed for manufacturing 
acetic acid. It is used in large quantities not only as a labora- 
tory reagent but as the principal acid component of vinegar. 
The most important commercial methods of preparation are 
the oxidation of ethyl alcohol and the distillation of wood. 

Oxidation of alcohol Large wooden tanks are filled with 
beechwood shavings inoculated with mother of vinegar (My- 
coderma aceti). Dilute alcohol (6 to 10 per cent) is allowed to 
percolate through the shavings against a countercurrent of air. 
The alcohol is distributed in thin layers over the shavings, expos- 
ing large surfaces to the air. The shavings also preserve a 
porous structure in the tanks, allowing free passages for air, and 
they constitute a suitable home for the growth and propagation 
of the oxidizing bacteria. The reaction is a simple oxidation : 

CH 3 • CH 2 OH + 0 2 — *- CH 3 • COOH + H 2 0. 

The mixture of alcohol and acetic acid drawn from the bot- 
tom of one tank is transferred to the top of a .similar tank, and 
so on until the conversion is nearly complete. The product 
obtained by this process is approximately a 6 per cent solution 
of acetic acid in water. Glacial acetic acid is made by neutraliz- 
ing the dilute acid with lime and evaporating the water. The 
salt, calcium acetate, is then treated with an equivalent quan- 
tity of sulfuric acid. The acetic acid liberated in this way is 
distilled from the mixture. 

Distillation of wood. Wood is distilled from large iron re- 
torts, the temperature being gradually raised to 450° or 500°. 
Between 160° and 300° a liquid distillate, pyroligneous acid, 
is produced. It consists chiefly of water, acetic acid, methyl 
alcohol, and acetone. After the addition of lime the volatile 
liquids are distilled off, leaving a solid residue of calcium acetate. 
An equivalent quantity of sulfuric acid is then added, and the 
more volatile acetic acid is removed by distillation. To remove 
the small amount of water contained in the distillate the liquid 
is cooled until glacial acetic acid crystallizes. The crystalline 
mass is then removed from the mother liquor and allowed to 
melt at the temperature of the room. 
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Butyric acids. According to the structure theory two acids 
corresponding to the formula C 3 H 7 COOH should exist, and 
two are known. 

Normal butyric acid, CH 3 -CH 2 -CH 2 -COOH (b.p. 162.5°), 
occurs as an ester in butter and in the free state in rancid butter, 
in Limburger cheese, and in some secretions of the body, es- 
pecially in perspiration. It is soluble in water, but separates 
as an oil when the aqueous solution is saturated with calcium 
chloride. All soluble members of this series, except formic acid 
and acetic acid, may be salted out of solution. 

CH 3 v 

Isobutyric acid, ^CH— COOH (b.p. 154°), is found both 

CH 3 ' 

free and combined in many plants but never in verylarge quan- 
tities. It is prepared by hydrolyzing isopropyl cyanide. Iso- 
propyl iodide is the most convenient laboratory source of the 
cyanide : 

(CH3) 2 CHI -f- KCN — (CH 3 ) 2 CHCN KI ; 
(CH 3 ) 2 CHCN + 2 H 2 0 — (CH 3 ) 2 CHCOOH + NH 3 . 

The calcium salt of isobutyric acid is more soluble in hot than 
in cold water. Normal calcium butyrate is more soluble in 
cold than in hot water. 


HIGHER ACIDS 

Palmitic acid, Ci5H 3 iCOOH, and stearic acid, C17H35COOH, 
occur together as glycerol esters in the natural fats. They 
are liberated from the glycerol by boiling the fat with an acid. 
Their salts are formed when the fat is saponified by boiling with 
alkalies. These acids are white solids, amorphous and waxlike, 
as ordinarily prepared, but easily crystallized from alcohol or 
other organic solvents. 

When obtained by hydrolysis of fats, they are mixed with 
oleic acid — an unsaturated compound belonging to a different 
series. The liquid, oleic acid, is pressed out of the mixture. 
Stearic and palmitic acids may be separated by adding magne- 
sium acetate to an alcoholic solution of the mixture. Magne- 
sium stearate precipitates, and from the salt the free acid may 
be obtained by boiling it with hyxjreektaric acid. The free 
stearic acid solidifies when cold anq floats ^n the surface of the 
water. 
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Oleic acid may be separated from stearic and palmitic acids 
by forming the lead salts and extracting the mixed salts with 
ether. Lead oleate is soluble in ether. The free acid is ob- 
tained from the salt by treatment with sulfuric acid. 

Palmitic acid, %-hexadecylic acid (m.p. 62 °), is usually ob- 
tained from olive oil, which is composed, almost exclusively, of 
the glycerol esters of palmitic and oleic acids. Myricyl palmi- 
tate, C15H31COOC30H61, the principal component of beeswax, 
is another source of this acid. Spermaceti, a white waxy sub- 
stance found in the head of the sperm whale, is composed 
chiefly of cetyl palmitate, C15H31COOC16H33. Myricyl and 
cetyl palmitates belong to the class of compounds known as 
esters. They are hydrolyzed by boiling with an acid, forming 
the free palmitic acid together with myricyl and cetyl alcohols 
respectively: 

Ci 5 H 31 COOC 3 oH6i + H 2 0 — C15H31COOH + C 3 oH 61 OH. 

Palmitic acid Myricyl alcohol 

CisHaiCOOCieHss + H 2 0 — > Ci 5 H 31 COOH + CieHssOH. 

Palmitic acid Cetyl alcohol 

Palmitic acid has been synthesized by oxidizing cetyl alcohol. 

Stearic acid , n-octodecylic acid, melts at 69 °. As ordinarily 
prepared, it is a colorless, soft, amorphous substance. It is 
not difficult to obtain it in crystalline form by slowly cooling a 
hot saturated alcoholic solution of the acid. 

Stearic acid is a normal, or straight-chain, compound. 

Dry distillation of a mixture of salts of stearic and acetic acids results in 
the formation of margarylmethyl ketone : 

Ci 7 H 3 sCOONa 

— > C 17 H 3 5 * CO • CH 3 + Na 2 C 0 3 . 

CHsCOONa 

On oxidation the ketone yields acetic acid, CH3COOH, and margaric acid, 
C 16 H 33 COOH. This proves that the margaryl radical, C17H35, has the 
structure Ci 6 H 33 — CH 2 — . From salts of margaric and acetic acids pal- 
mitylmethyl ketone, C10H33 * CO • CH 3 , has been made. When oxidized 
this ketone yields acetic acid and palmitic acid, C15H31COOH, showing 
that the structure of the palmityl radical is C15H31 — CH 2 — . This process 
has been continued step by step from stearic acid back to capric acid, 
C9H19COOH, and the latter has been synthesized from lower members of 
the acetic acid series. It is known to have a straight chain of carbon 
atoms, its formula being 

CH 3 • CH 2 • CH 2 * CH 2 • CH 2 • CH 2 • CH 2 • CH 2 • CH 2 • COOH. 

Hence we know that stearic acid is a straight- chain compound having the 
formula CH 3 • (CH 2 ) ae • COOH. 
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UN SATURATED ACIDS 

Acrylic add. The simplest of the unsaturated monobasic acids, 
acrylic or propenoic acid, has the formula CH 2 =CH — COOH. 
It melts at 8°, boils at 140°, and dissolves in water in all pro- 
portions. It is a stronger acid than the corresponding satu- 
rated compound (acrylic acid, K a = 5.76 x 10 -5 ; propionic acid, 
K a = 1.34 X 10 5 ). Acrylic acid is made from /3-bromopropionic 
acid by treatment with a hot alcoholic solution of potassium 
hydroxide or from jS-hydroxypropionie acid through the action 
of a dehydrating agent. 

Crotonic acids. There are four acids corresponding to the 
formula C3H5COOH. One of them is u-methylacrylic acid 
with the structure CH 2 =C(CH 3 ) — COOH. Another, called 
vinylacetic acid, has the formula CH 2 =CH— CH 2 — COOH. 
The other two acids of this group are stereoisomers of the 
type described on page 25. They correspond to the following 
structural formulas : 

H— C— CH 3 CH 3 — C — H 


H— C— COOH 

Crotonic acid or 
Ai-cisbutenoic acid 
(m.p. 71°, b-p. 180°) 


H— C— COOH 

Isocrotonic acid or 
AMransbutenoic acid 
(m.p. 15.5°, b.p. 172°) 


The symbol A 1 indicates that the double bond is between 
the first and the second carbon atom beyond the carboxyl 
group. Vinylacetic acid is A 2 -butenoic acid. The name of the 

CH 3x 

acid having the structure >C=CH — COOH is 3-methyl- 

ch 3 / 

A^butenoic acid or j8, /3-dimethylacrylic acid. 

The inconsistency in the first name is due to the unfortunate practice of 
beginning with the carbon atom next to the carboxyl group in numbering 
the atoms for the purpose of defining the position of a double or triple bond. 
For other purposes the numbering begins with the carboxyl carbon. 

Oldc acid. Oleic acid, Ci 7 H 33 COOH, is obtained by hydrolyz- 
ing olive oil and other vegetable oils. It is a colorless and odor- 
less oily liquid. It melts at 14° and decomposes if distilled under 
atmospheric pressure. Oleic acid can be reduced to stearic acid 
by hydrogen in contact with finely divided nickel or oxidized 
to dihydroxystearic acid by permanganate ion. A trace of 
nitrous acid converts oleic acid into elaidic acid. Oleic and 
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elaidic acids are stereoisomers corresponding to crotonic and 
isocrotonic acids. When oxidized by dichromate ion, oleic 
acid yields pelargonic acid, CsHnCOOH, and azelaic acid, 
COOH • (CH 2 )7 ■ COOH. Since unsaturated compounds usu- 
ally break at the position of the double bond, we infer, from 
this reaction, that the formula of oleic acid is 

CH 3 • (CH a )j- CH : CH • (CH 2 ) 7 • COOH. 

ACID CHLORIDES 

Chlorine is substituted for the hydroxyl in the carboxyl 
group when an acid is treated with phosphorus trichloride 
or phosphorus pentachloride or when the salt of an acid is 
treated with phosphorus pentachloride or phosphorus oxy- 
chloride. The substitution product, R • CO • Cl, is known as an 
acid chloride. The corresponding bromides may be formed in 
the same way by using the phosphorus compounds of bromine. 
Typical reactions are indicated by the following equations : 

3 CH3COOH + PC 1 3 — > 3 CH3COCI + H3PO3. ( 1 ) 

CH 3 COONa + PC1 5 — *• CH3COCI + NaCl + POCl 3 - ( 2 ) 

2 CH 3 COONa+POCl 3 — > 2 CHsCOCl+NaCl + NaPOs. (3) 

These equations do not represent quantitative reactions. 
It is obvious that part of the acid chloride will be formed ac- 
cording to equation (3) when PCI 5 acts on a salt, for POCI 3 , 
one of the reaction products in (2), can also act upon the salt. 
Equation ( 1 ) fails to account for the hydrogen chloride which is 
formed in abundance when phosphorus trichloride acts upon 
acetic acid. Brooks* has proved that the hydrogen chloride 
is formed in secondary reactions between the acid chloride and 
acetic acid and between the acid chloride and phosphorous acid : 

CH 3 COOH + CH 3 COCI — > (CH 3 C0) 2 0 + HC1. (4) 

^(OH) 2 

H 3 PO 3 + CH 3 COCI — * Pf + HC1. (5) 

X)COCH3 

The acid chlorides having fewer than sixteen carbon atoms 
are liquids. The lower members fume in moist air and boil 
at low temperatures. They all react with water, forming the 
corresponding organic acid and hydrochloric acid. They react 
readily with alcohols, amines, alkyl magnesium halides, am- 

* Benjamin T. Brooks, J. Am. Chem. Soc. f 34, 492 (1912), 



MONOBASIC ACIDS 


101 


monia, salts of organic acids, and other reagents. They are 
useful, therefore, as sources of esters, amides, ketones, and acid 
anhydrides. 

Typical reactions of the acid chlorides are represented by 
the following equations : 

CH 3 • CO • Cl + C2H5OH — CH 3 • CO • OC2H5 + HC1. (1) 
CH 3 • CO • Cl + C 2 H 5 NH 2 — *• CH 3 • CO • NHC2H5 + HC1. (2) 
CH 3 • CO • Cl + AgCN — > CH 3 • CO • CN + AgCl. (3) 

CH 3 • CO • Cl + 2 C 2 H 5 MgCl c 2 H 5 

—h CH 3 • C/OMgCl + MgCl 2 . (4) 
\C2H5 

On hydrolysis, the product formed in equation (3) yields a salt 
of an a-ketonic acid, 

CH 3 • CO • CN + 2 H 2 0 — *- CH 3 • CO • COONH* ; 

and the compound formed in the reaction represented by equa- 
tion (4) yields a tertiary alcohol, 

/C2H5 /C2H5 

CH 3 • C^-OMgCl + H 2 0 — * CH 3 • C^-OH + MgClOH. 

\c 2 h 5 \c 2 h 5 

Formyl chloride, H ■ COC1, has not been isolated in a pure 
state, for it decomposes into hydrogen chloride and carbon 
monoxide. In many cases, however, a mixture of HC1 and 
CO responds to the tests one would expect to obtain with the 
chloride of formic acid, and this mixture is often called formyl 
chloride. 

Phosgene, or carbonyl chloride, COCI 2 (a derivative of car- 
bonic acid), is made by the direct addition of chlorine to carbon 
monoxide under the catalytic influence of light or charcoal. 
The liquid boils at 8°. It is extremely poisonous and has been 
used extensively in gas warfare. It is very soluble in benzene 
and in toluene. It fumes in moist air, forming carbon dioxide 
and hydrogen chloride, and is decomposed by alcohol, with the 
formation of hydrogen chloride and chloroformic ester : 

/Cl /Cl 

CO + C2H5OH — *- CO + HC1. 

\C1 \OC 2 H 3 
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Urethane, a valuable hypnotic, is prepared from ehloro- 
formic ester by treatment with ammonia: 


_^C1 

C=0 + 2NH 3 ■ 

'^OCaHs 


_^-NH 2 

C=0 + NH*CL 

■\oc 2 h 6 


Urethane is a colorless crystalline body (m.p. 50°, b.p. 180°) 
having a faint odor. It is an ester of carbamic acid. 

/NH 2 

Carbamic acid has the formula C/O . Notice its rela- 

\0H 

tionship to carbonic acid and to urea : 


/OH 

C—O 

\OH 

Carbonic acid 


/NH2 

C/O 

\nh 2 

Urea 


Carbamic acid has not been obtained in the free state. Many 
of its salts and esters are known. 


ACID ANHYDRIDES 


The removal of one molecule of water from two molecules 
of a monobasic acid results in the formation of an acid anhy- 
dride : 


R-C/ 

x)H 

/OH 

E - c <0 

Acid 


R.’C<° 

>0 + h 2 o. 

R ' c v> 

Acid anhydride 


In some cases the dehydration may be accomplished by 
warming the acid with phosphorus pentoxide ; but the result is 
usually achieved by other means. An acid anhydride may be 
made by distilling a mixture of an acid chloride and a salt of 
the acid. Acetic anhydride is easily prepared by this method : 

CH 3 • COONa CH 3 • CO. 

— v >0 + NaCl. 

ch 3 • COC1 CH 3 • CO/ 


Properties. The anhydrides of low molecular weight are 
colorless liquids ; the higher members are solids. Although they 
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are less reactive than the acid chlorides, they combine with al- 
cohols, amines, and water, as do the acid chlorides, yielding 
esters, amides, and acids respectively : 


R.<° 

>0 + 2R'0H- 

R . Alcohol 

X) 

Acid anhydride 

' R.C -/ 0 

No+2R'NH 2 - 

R-C4 Amine 

V) 

R-C<° 

\o + HOH — » 

R - c <o 


•2 R • CO0R' + H 2 O. 

Ester 


■ 2 R • CO -NHR' + H 2 0. 

Amide 


■2 R • COOH. 

Acid 


With metallic oxides and hydroxides the anhydrides act like 
the free acids in forming salts. The lower members are more 
reactive than those of high molecular weight. A few of the 
solid anhydrides may be crystallized from water without revert- 
ing to the hydrated form. 

The anhydride of formic acid has never been prepared. When 
treated with a dehydrating agent, a molecule of water is elimi- 
nated from one molecule of formic acid, and carbon monoxide 
is formed. Carbon monoxide can hardly be regarded as a true 
anhydride of the acid, for it does not dissolve in water with the 
regeneration of the acid. The gas does dissolve, however, in 
molten metallic hydroxides, forming salts of formic acid. 


ESTERS 

Alcohols and acids combine, with the elimination of water 
and the formation of compounds known as esters. The reac- 
tion between acetic acid and ethyl alcohol is typical : 

CH 3 COOH + C 2 H 5 OH — CH 3 COOC 2 H 5 + H 2 0. 

The equation reminds one of the neutralization of an acid by 
a base. The resemblance, however, is only formal. Alcohol is 
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not a base, and the reaction indicated above is not ionic. Ioniza- 
tion is favored by the presence of water, but this reaction goes 
best under anhydrous conditions. It can be stopped by the 
addition of water to the mixture. There is other evidence that 
in the formation of water between the two reagents the hydroxyl 
comes from the acid and the hydrogen from the alcohol. A mix- 
ture of hydrochloric and acetic acids, for example, acts upon 
alcohol to form ethyl acetate and practically no ethyl chloride. 
If ethyl chloride were formed the hydrogen would necessarily 
come from the hydrochloric acid and the hydroxyl from the 
alcohol, but in forming ethyl acetate the hydrogen may be 
furnished by the alcohol and the hydroxyl group by the acid or 
vice versa. The experimental fact is that when hydrochloric 
acid and acetic acid are mixed and allowed to compete for 
alcohol molecules the acetic acid — the only one of the acids 
that can yield a hydroxyl group — is the one that is esterified. 

An analogous reaction with mercaptans throws some light 
on the question. Two possible courses for the action of acids 
and mercaptans are represented in the equations 


R-CO OH + H SR' 


R • COO H + HS R' 


RCOSR' + HaO; 
RCOOR' + H 2 S. 


( 1 ) 

( 2 ) 


If the acid yields the hydroxyl group, as indicated by the first 
equation, water would be eliminated. If the acid supplies the 
hydrogen atom, as shown in the second equation, hydrogen 
sulfide would be liberated. The reaction ordinarily proceeds 
according to the first equation, splitting off water rather than 
hydrogen sulfide, indicating that in the formation of thioesters 
the hydroxyl group is removed from the acid. However, there 
are exceptions to this rule. 

Similarly the thiol acids, RCOSH, may react with alcohols 
in either of two ways : 


R-CO SH + H OR' 


R-COS H + HOlR' 


-*-RCOOR' + H 2 S; 
RCOSR' -f H 2 0. 


(3) 

(4) 


All of the possibilities represented by the four equations 
shown above have been realized. Some acids and alcohols react 
mainly in one way and other mixtures react in the opposite way. 
Thiolacetic acid, CH3COSH, reacts with ethyl alcohol, yielding 
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both hydrogen sulfide and water. In this reaction 78 per cent 
of the molecules follow the course indicated in equation (8) and 
22 per cent react as indicated in equation (4). When thiolacetic 
acid is mixed with isopropyl alcohol the products formed are 
CH3COOC3H7 and H 2 S exclusively, but the same acid reacts with 
triphenyl carbinol, (C 6 H 5 ) 3 COH, forming CH 3 COSC(C 6 H 5)3 
and H2O only. For the details of experiments in this field 
consult the papers listed below.* 

Esters occur in great abundance in nature. All vegetable 
and animal fats and oils belong to this class of compounds, and 
many of the flavors and perfumes of fruits and flowers are due 
to esters. Artificial perfumes and synthetic flavors are prepared 
in commercial laboratories from the lower acids and alcohols; 
thus, methyl alcohol and butyric acid yield an ester, methyl 
butyrate, C 3 H 7 COOCH 3 , which is on the market as a substitute 
for the flavor of pineapple. Isoamyl acetate, CH 3 COOC 5 Hn, 
is known as pear oil, and octyl acetate, CH 3 COOC 8 Hi 7 , has the 
odor and flavor of oranges. 

Esters may be hydrolyzed by boiling them with dilute acids or 
alkalies, or by prolonged heating with steam, the orig inal acid 
and alcohol being regenerated. Isomeric esters are easily dis- 
tinguished from each other by identifying their hydrolysis prod- 
ucts. Thus, ethyl acetate, CH 3 COOC2H 5 , takes up one molecule 
of water and forms acetic acid, CH 3 COOH, and ethyl alcohol, 
C2H5OH; whereas the isomeric ester, methyl propionate, 
C 2 HsCOOCH 3 , when hydrolyzed, yields propionic acid and 
methyl alcohol. 

Ethyl acetate. Ethyl acetate, CH 3 • COOC2H5 (b.p. 77°, 
sp. gr. 0.9028), is formed by the action of ethyl alcohol on acetic 
acid. It is a clear, colorless liquid with a pleasant, fruity odor. 
It is slightly soluble in water (8.6 parts per 100) and miscible 
in all proportions with alcohol or ether. Since the reaction is 
reversible, it is not possible to convert the acid and alcohol 
quantitatively into the ester. Equilibrium is established when 
the rate of hydrolysis is equal to the rate of ester formation : 

CH 3 • COOH + C2H5OH CH 3 ■ COOC2H5 + H 2 0 . 

If equimolal quantities of the acid and alcohol are used, 
equilibrium is reached when two thirds of the acid has been 

* Pratt and Reid, J. Am. Chem. Soc., 37, 1934 (1915). Reid, J. Am. Chem. Soc., 
39, 1930 (1917). Stewart and McKinney, J. Am. Chem. Soc., 53, 1482 (1931). 
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changed. The condition of equilibrium is almost independent 
of the temperature (65.2 per cent at 10°, 66.5 per cent at 220°), 
but the rate of approach to equilibrium is greatly increased by 
raising the temperature. 

If at the beginning of the reaction we have a moles of acid 
and b moles of alcohol, and if when equilibrium is established 
x moles of acid and of alcohol have been used in forming 
x moles of ester and of water, then 

g*. 2 

(a — x)(b — x)~^‘ 


The numerical value of the equilibrium constant, Jc, may be 
calculated by substituting in this equation the values indicated 
in the last paragraph : 


(Ml 

(M) 


= k, or k = 


4. 


With k known* the quantity of ester that will be formed in any mixture 
of pure alcohol and acid may be calculated. Thus, if we begin with 1 mole 
of acetic acid and 2.9 moles of alcohol, equilibrium will be reached when 

— = 4. The conversion of acid to ester in this case amounts 

(1 - x) (2.9 - x) 

to nine tenths of the theoretical value. In actual practice the relative 
costs of materials determine the excess of the cheapest reagent that can be 
employed economically to increase the percentage yield on the basis of the 
more expensive reagent. Another practical means of favoring the reaction 
in either direction is that of withdrawing one of the products from the 
field of action. The activity of the water formed in esterification is re- 
duced by the presence of sulfuric acid. If sulfuric acid is added, the active 
mass of water formed is kept very low, the value given for k can hardly 
be attained, and the reaction goes almost to completion. The equation 
given above cannot be applied when a dehydrating agent is present, unless 
the effect of such an agent in reducing the activity of the water is known. 

The usual laboratory procedure for the preparation of ethyl 
acetate consists of mixing equal quantities of alcohol and con- 
centrated sulfuric acid, heating to 140°, then adding a mixture 
of equal quantities of alcohol and glacial acetic acid. The 
alcohol and acid mixture is introduced by means of a dropping 
funnel at about the same rate that the ester distills over. 

The mechanism of the reaction in the presence of sulfuric 
acid probably involves the formation of ethyl sulfuric acid, 
C2H5HSO4, and a subsequent reaction between this compound 
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and acetic acid in which the sulfuric acid is regenerated and 
ethyl acetate is formed.* 

Fats. The fats and oils, so widely distributed in animal and 
vegetable tissues, are esters of the trihydric alcohol, glycerol. 
The principal acids combined with glycerol in the natural fats 
are stearic, C17H35COOH, palmitic, C15H31COOH, oleic, 
C17H33COOH, and butyric, C3H7COOH. One molecule of 
glycerol combines with three molecules of acid to form a fat. 
The three acid molecules may be alike or different. Stearin, 
palmitin, and olein are represented by the following structures : 


ch 2 • 0 • CO • C 17 H 35 

1 

CH 2 • 0 • CO • C15H31 

j 

CH • 0 • CO • C 17 H 35 

1 

CH • 0 • CO • C15H31 

1 

CH 2 • 0 • CO • C17H35 

CH 2 • 0 • CO • C15H31 

Tristearin 

Tripalmitin 


CH 2 • 0 • CO • C17H33 
d;H • 0 • CO • C17H33 


CH 2 • 0 • CO • Ci 7 H 33 

Triolein 

The natural fats are mixtures of these esters with smaller 
quantities of glycerol esters of other acids and with mixed 
esters, that is, esters in which two or three different acids are in 
combination with the same glycerol residue. 

Oleopalmitobutyrate occurs in butter fat. Human fat con- 
sists, primarily, of a mixture of tripalmitin and dioleostearin. 

CH 2 • 0 • CO • C17H33 CH 2 • 0 • CO • C17H33 

I I 

CH • 0 • CO • C15H31 CH • 0 • CO • C17H33 

| I 

CH 2 ■ 0 • CO • C3H7 CH 2 • 0 • CO • C17H35 

Oleopalmitobutyrate Dioleostearin 

* Sulfuric acid acts upon alcohol in a variety of ■ways. The reaction products 
and the conditions under which they are formed have been investigated by Evans 
and Albertson. The following equations represent the principal reactions: 

C2H5OH + H2SO4 — y .C2H5HSO4 + H2O. (1) 

2 CaHsOH + H2SO4 — y C2H5OC2H5 + H2SO4 • H2O. (2) 

C2H5OH + H2SO4 — y C2H4 4- H2SO4 • H2O. (3) 

2 C2H5OH + H2SO4 — y (C2H5) 2SO4 + 2 H2O. (4) 

C2H5OH + H2SO4 — CH2OH • CH2SO2OH + H2O. (5) 

C2H5OH + 2 H2SO4 — CH2HSO4 • CH2SO2OH + 2 H2O. (6) 

(Evans and Albertson, J. Am. Chem. Soc., 39, 456 (1917).) 
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Butter contains glycerol esters of stearic, palmitic, oleic, 
myristic, capric, caprylic, caproic, and butyric acids. About 
90 per cent of butter fat consists of esters of the first three 
acids in the list. Tristearin is the chief component of beef 
tallow, and triolein predominates in cottonseed oil. 

Olive oil contains from 25 per cent to 30 per cent of tri- 
palmitin and about 65 per cent of triolein. Linseed oil contains 
many unsaturated fats, including esters of linoleic, linolenic, and 
isolinolenic acids. The last two acids are highly unsaturated. 
They have the formula C17H29COOH. The structures are 
unknown. Linoleic acid contains two double bonds and has 
the formula C17H31COOH. These unsaturated acids and the 
esters derived from them absorb oxygen from the air, forming 
saturated compounds. On account of this property linseed oil 
is a valuable component of varnishes and paints. It is called a 
drying oil. The oxidation product is a firm, smooth, solid sub- 
stance. Linseed oil dries faster if it has been boiled with lead 
acetate or with litharge. These substances are practically in- 
soluble in the oil, but enough is held in solution to catalyze 
the union of the oil with oxygen of the air. Linoleum is made 
from boiled linseed oil and ground cork. 

The iodine value. Fats may often be identified or distinguished from each 
other by estimating the quantity of the unsaturated esters present. This is 
accomplished by measuring the iodine absorbed. Two atoms of iodine will 
be taken up at each double bond. A weighed quantity of fat is dissolved in 
chloroform and titrated with an alcoholic solution of iodine and mercuric 
chloride. The iodine number is the per cent of iodine absorbed, calculated 

on the basis of the weight of oil used, that is, —ffffht of iodine x ^oo. The 

weight of fat 

iodine value of cottonseed oil is 111 to 116, and of coconut oil, 8.5 to 9.0. 

The Reichert-Meissel number. Fatty acids of low molecular weight are 
soluble in water and volatile with steam. Higher members either do not 
distill with steam or fail to dissolve in the distillate. The quantity of ester 
of low molecular weight may be estimated by saponifying the fat, acidifying 
with sulfuric acid, distilling with steam, and titrating the cold filtered dis- 
tillate with an alkali. The Reichert-Meissel number is the number of cubic 
centimeters of tenth normal base required to neutralize the water-soluble 
volatile acid found in 5 g. of fat. The Reichert-Meissel number of butter is 
22 to 30 ; of oleomargarine, 0.5 to 1.5 ; and of lard, 0.3 to 0.6. 

Fats may be hydrolyzed by boiling with dilute acids or al- 
kalies or by heating with steam. The products formed are 
glycerol and the free fatty acids or, if boiled with alkalies. 
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glycerol and the salts of fatty acids (soaps). Hydrolysis by 
an alkali is referred to as saponification. 

CH 2 • O • CO • C17H35 CH2OH 

CH • 0 • CO • C17H35 + 3 NaOH — > CHOH + 3 CnHssCOONa. 

CH 2 • O • CO • C17H35 CH 2 0 H 


Since all natural sources of fats yield mixed esters, the soaps 
ordinarily manufactured are not pure salts. They are mix- 
tures of the salts of several acids — chiefly stearic, palmitic, and 
oleic — in which more or less water, glycerol, and alkali are in- 
corporated. Different soaps are made by varying the relative 
proportions of different fats, by using different bases, by in- 
corporating different amounts of glycerol, and so on. Hard 
soaps and soap powders are made by saponifying solid fats with 
sodium hydroxide. Potassium salts are softer than the cor- 
responding sodium derivatives, and soaps derived from oils are 
softer than those obtained from solid fats. Calcium, magnesium, 
and bari um salts of the fatty acids are not soluble in water. 
When a soluble soap is added to "hard” water, a flocculent 
precipitate of the calcium or magnesium soap separates, and 
the water is "softened” as effectively as if accomplished by 
precipitating these metals as hydroxides by the addition of 
sodium hydroxide or ammonia. The use of soap for softening 
water is not an economical practice. 

The free fatty acids are prepared in large quantities by hydro- 
lyzing the fats with superheated steam. Stearic acid freed by 
pressure from the softer acids is mixed with a little paraffin 
to render it less brittle and is used in the manufacture of candles. 

Leci thins . Lecithins, though less abundant than fats, occur 
in almost every cell of the animal organism. They are like the 
fats in many respects. Wlien boiled with dilute acids, lecithins 
take up water, forming free fatty acids, choline, and glycero- 
phosphoric acid. The latter is also partly hydrolyzed to 
phosphoric acid and glycerine, so that the ultimate hydrolysis 
products are the same as for the fats plus phosphoric acid and 
choline. Choline, 


(CH 3 ) 3 N« 


.ch 2 • ch 2 oh 

-OH 
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is found in combination with complex acids in the bile. The 
name choline is derived from the Greek word meaning bile. 
In lecithins choline is combined with phosphoric acid, forming 
a group which takes the place of one acid radical in the fats. 
The formula of distearyl lecithin is 

CH 2 • O • COC17H35 

CH • 0 • CO • C17H35 
/OH 

CH 2 • O • P =0 

NO • CH 2 • CH 2 - N(CHs) 3 0 H 

Lecithins and other lipoids (fatlike bodies) are especially 
abundant in nervous tissue, but they are not confined to any 
particular kind of tissue nor to the animal organism. They 
are present in small quantities in plants. 

Lecithins dissolve in alcohol, chloroform, ether, benzene, and 
carbon disulfide. They are insoluble in water and only slightly 
soluble in acetone. Most of them crystallize from alcohol in 
thin, transparent plates, colorless or slightly yellow. A prepa- 
ration of a lecithin can be made by grinding the brain of an 
animal with a little sand and allowing it to stand under cold 
ether two or three days. Acetone is then added to the clear 
ether extract, and lecithin is precipitated. 

ESTERS OF INORGANIC ACIDS 

Nitrous esters. Sodium nitrite acts upon a mixture of al- 
cohol and sulfuric acid to form the nitrous acid ester of the 
alcohol : 

C 2 H 5 OH + HONO — C 2 H 5 ONO + H 2 0 . 

The same product may be formed from alcohol and nitrosyl 
chloride : 

C 2 H 5 OH + C 1 NO — C 2 H 5 ONO + HC 1 . 

Silver nitrite acts upon many alkyl halides, precipitating a 
silver halide and forming two different alkyl derivatives of 
nitrous acid having the same empirical formula. One of these 
isomers is an ester, the other a nitro body. The nitrogen is 
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attached directly to carbon in the nitro compound and to oxy- 
gen only in the ester : 


C 2 H 5 I + AgN0 2 



C 2 H 5 I + AgN0 2 — > C 2 H 5 — 0— N=0 + Agl. 

Ethyl nitrite 

The ester, ethyl nitrite, is readily reduced to ethyl alcohol, 
C 2 H 5 OH, and hydroxylamine, NH 2 0H, or to alcohol, water, 
and ammonia. Nitroethane, under the same treatment, is 
reduced to ethylamine, C 2 H 5 NH 2 . Nitrogen attached to car- 
bon is not removed in reduction processes at ordinary tem- 
peratures. Silver nitrite acts upon methyl iodide to form 
nitromethane, CHsN0 2 , almost free from the ester; but the 
higher alkyl halides yield mixed products. The isomers are 
readily separated by distillation, the nitro compound boiling 
at a higher temperature than the corresponding nitrite in 
every ease. Nitromethane, for instance, boils at 101.9° and 
methyl nitrite at — 12°. The ethyl derivatives boil at 114.8° and 
17° respectively. Each member of the high-boiling series can 
be reduced to an amine, indicating direct union between car- 
bon and nitrogen ; and each member of the low-boiling group 
can be hydrolyzed to an alcohol and nitrous acid, indicating 
that the nitrogen and carbon atoms are linked together through 
an oxygen atom. 

Nitric esters. Esters of nitric acid are formed by the direct 
action of concentrated nitric acid on alcohols at 0° to 5° C. 
At higher temperatures the acid acts as an oxidizing agent. 
Nitric esters are combustible, and if heated under pressures 
greater than one atmosphere, they may explode. They boil 
at temperatures higher than the boiling points of the corre- 
sponding nitrites, as shown in the following table : 


Alkyl Radical 

R 

Nitrate 

R - 0 • N0 2 

Nitrite 

R * O • NO 

Nitro Compound 

r*no 2 

Methyl 

+ 65° * 

-12° 

+ 101.9° 

Ethyl 

87.7° 

+ 17° 

114.8° 

Normal propyl . 

100.5° 

57° 

131.5° 

Isopropyl 

102° 

45° 

120° 

Normal butyl 

136° 

75° 

151° 

Isobutyl 

122.9° 

67° 

140° 


* Explodes. 






112 


THE CARBON COMPOUNDS 


Nitroglycerine. The most important ester of nitric acid is 
glyceryl trinitrate. Though commonly called nitroglycerine, 
it is not a true nitro body, for the nitrogen atom in the NO 2 
group is not attached to carbon. The compound is formed by 
injecting a spray of glycerol into a mixture of concentrated 
nitric and sulfuric acids which is agitated by compressed air: 

ch 2 oh CH 2 0N0 2 

I I 

CHOH + 3 HNOg — ► CHONO 2 + 3 H 2 0. 

I I 

CH 2 OH CH 2 ONO 2 

The temperature of the mixture is held between 20° and 30° C., 
and the time required for nitration is about one hour. The 
nitroglycerine floats on the waste acids. It is drawn off and 
washed with water and with dilute sodium carbonate solutions 
until free from acids. 

Nitroglycerine (m.p. 8°, sp. gr. 1.60) is a sweet, poisonous, 
oily liquid, colorless and odorless when pure but pale yellow 
as ordinarily prepared. It is practically insoluble in water; 
soluble in alcohol, benzene, and chloroform. It explodes when 
struck with a hammer or subjected to any other sudden shock. 
It is usually detonated by means of a mercury fulminate cap. 
The products of the explosion are carbon dioxide, water, nitro- 
gen, oxygen, and nitrogen oxides. The energy released is equiva- 
lent to about six kilogrammeters per gram. 

Dynamite is made by absorbing nitroglycerine in wood pulp or 
in infusorial earth. In this form the substance may be trans- 
ported safely. Sodium nitrate, potassium nitrate, and sulfur are 
components of some brands of dynamite and blasting powders. 

Blasting gelatins are made by absorbing nitroglycerine in 
nitrocellulose or in mixtures of nitrocellulose, wood pulp, and 
inorganic nitrates or chlorates. These are among the most 
powerful explosives known. 

Sulfuric esters. Ethyl hydrogen sulfate, C 2 H 6 HS0 4 , is an 
oily liquid (sp. gr. 1.316) which decomposes before boiling. 
It is formed from alcohol and concentrated sulfuric acid at 
100° C. or from ethylene gas and fuming sulfuric acid. Its 
barium salt is soluble in water, a property that makes possible 
its separation from the unchanged acid. When heated with 
water, it regenerates the alcohol and acid. If heated with 
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alcohol, it produces sulfuric acid and ether. Alkyl halides 
and cyanides and many other types of compounds may be pre- 
pared by means of this reactive ester : 

C 2 H 5 HS 0 4 + HOH — »- C2H5OH + H2SO4. 

C2H5HSO4 + C2H5OH — y C2H5 • 0 • C2H5 + H2SO4. 

C2H5HSO4 + HBr C 2 H 5 Br + H 2 S 0 4 . 

C2H5HSO4 + KCN —*■ C2H5CN + KHSO4. 

C2H5HSO4 + heat — > C2H4 + H2SO4. 

Methyl sulfate, (CH3)2S0 4 (b.p. 188°, m.p. — 31.8°, sp. gr. 
1.35), is frequently employed to introduce the methyl group 
into alcohols and amines. The hydrogen atoms in the groups 
OH, NH 2 , and NH are replaced by methyl groups when treated 
with this ester. Sulfur trioxide acts on methyl alcohol at — 5° 
to 0°, producing methyl hydrogen sulfate. This product when 
distilled under reduced pressure yields the neutral ester : 

2 CH3HSO4 — (CH 3 ) 2 S04 + H2SO4. 

Esters of halogen acids. The esters of hydrochloric, hydro- 
bromic, and hydriodic acids have been discussed as alkyl halides. 

ACID AMIDES 

The acid amides are formed by replacing hydrogen of ammo- 
nia by acyl radicals. They are primary, secondary, or tertiary, 
depending upon the number of hydrogen atoms replaced. 

R • CONH 2 (R • CO) 2 NH (R • CO) ? N 

Primary amide Secondary amide Tertiary amide 

The secondary and tertiary compounds are of little impor- 
tance' and quaternary amides are unknown. With the exception 
of formamide, a liquid, the primary compounds are colorless 
solids, soluble in water, and, when pure, they are odorless. 
The lower members can be distilled under atmospheric pressure 
without decomposition. They may be prepared from many 

acid derivatives. . 

1. Amides are made by the action of ammonia on an acid 

chloride, an acid anhydride, or an ester : 

CH3COCI + 2 NH 3 — v CH3CONH2 + NH4CI. 

(CH 3 C 0) 2 0 + 2 NH 3 — *- CH3CONH2 + CH3COONH4. 
CH 3 COOR + NH 3 — *• CH 3 CONH 2 + ROH. 
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The formation of acetamide, as indicated in the last equation, 
is accomplished by mixing ethyl acetate with twice its volume 
of a concentrated solution of ammonia and allowing the mixture 
to stand a few hours. The amide is isolated from the mixture 
by evaporating the water, alcohol, and excess of ammonia. 

Ethyl acetate and acetamide are both susceptible to hydrol- 
ysis. Acetamide instead of ammonium acetate is obtained from 
a mix ture of ethyl acetate, ammonia, and water because the 
reaction of the ester with ammonia (ammonolysis) is faster than 
the reaction with water (hydrolysis) . The isolation of the amide 
depends also upon the fact that the hydrolysis of the amide is 
a slow reaction. If the mixture were allowed to stand for several 
days the products would be ammonium acetate and alcohol. 
Acetamide is purified by distillation. It boils at 222° and con- 
denses to a colorless crystalline product which melts at 81°. 

2. By heating the ammonium salt of an acid in a sealed tube 
at 150° to 230° for five or six hours an amide is produced : 

CH 3 • C00NH 4 — H 2 0 + CH 3 • C0NH 2 . 

3. Amides are made by the union of water with nitriles : 

CH 3 • CN + H 2 0 —v CH 3 • C0NH 2 . 

The addition is accomplished through the agency of hydrogen 
peroxide in alkaline solution. The reverse of this reaction 
occurs when an amide is heated with a dehydrating agent. 
Methyl cyanide is obtained when acetamide is heated with 
phosphorus pentoxide : 

CH 3 • CONH 2 —v CH 3 • CN + H 2 0: 

Properties. The amides are readily hydrolyzed by heating 
with water, the hydrolysis being catalyzed by hydrogen ions, 
and to a greater extent by hydroxide ions : 

CH 3 CONH 2 + NaOH — »• CH 3 COONa + NH 3 . 
CH 3 CONH 2 + H 2 0 + HC1 — > CH 3 COOH + NH*C1. 

Amides are converted into amines through the agency of 
bromine and potassium hydroxide : 

CH 3 C0NH 2 + Br 2 + 4 KOH 

— CH 3 NH 2 + K 2 C0 3 + 2 KBr + 2 H 2 0. 

This reaction is especially successful with amides of low molec- 
ular weight (see page 412). 
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Amides react with nitrous acid, yielding nitrogen gas and the 
acid from which the amide was derived. The change is ac- 
complished by warming the amide with a freshly prepared 
aqueous solution of sodium nitrite and hydrochloric acid : 

CH 3 CONH 2 + HN0 2 — > CH 3 COOH + N 2 + H 2 0. 


Some Monobasic Acids and Derivatives 


Acid 

Acid Chloride 

Anhydride 

Amide 


Boiling 

Specific 

Boiling 

Specific 

Boiling 

Specific 

Boiling 

Melting 


Point 

Gravity 

Point 

Gravity 

Point 

Gravity 

Point 

Point 

Acetic .... 

118.1° 

1.049(20°) 

52° 

1.105(20°) 

139.6° 

1.078(21°) 

222° 

81° 

Propionic . . . 

141° 

1.017(0°) 

80° 

1.065(20°) 

166° 

1.034(0°) 

213° 

79° 

Butyric ( n ) . . 

163.5° 

0.975(0°) 

102° 

1.028(20°) 

198.2° 

0.978(15°) 

216° 

116° 

Butyric (iso) 

154.4° 

0.965(0°) 

92° 

1.018(20°) 

182° 

0.958(16°) 

220° 

129° 

Valeric ( n ) . . 

187° 

0.956(0°) 

128° 

1.016(15°) 

215° 

0.929(20°) 

— 

106° 

Valeric (iso) . . 

176.7° 

0.947(0°) 

113° 

0.989(20°) 

215° 

0.933(20°) 

232° 

137° 

Trimethylacetic 

163.8° 

0.905(50°) 

106° 

— 

190° 

— 

— 

155° 

Caproic ( n ) . . 

202.7° 

0.945(0°) 

153° 

— 

243° 

0.928(17°) 

255° 

98° 

Heptylic (w) . . 

223.5° 

0.921(15°) 

159.5° 

0.959(20°) 

258° 

0.912(17°)* 

258° 

96° 

Caprylic (n) . . 

237.5° 

0.910(20°) 

196° 

0.973(8°) 

285° 

— 

— 

98° 

Palmitic ( n ) . . 

272° * 

0.853(62°) 

192° f 

— 

— 

— 

236° t 

106° 

Stearic ( n ) . . 

291° * 

0.847(69°) 

215° f 

— 



251° t 

109° 


HALOGEN DERIVATIVES 


The acid chlorides, anhydrides, and esters form substitution 
products with chlorine and bromine. The halogen displaces 
hydrogen on the a-carbon atom: 

CH3-CH2-COCI + Cl 2 — ► CHs-CHCl-COCl + HC1. 
From the halogen-substituted compounds the a-halogen acids 
are obtained by hydrolysis : 

CH3-CHCI-COCI + H 2 0 CHa-CHCl-COOH + HC1. 
The /3-halogen acids are obtained by indirect methods. Hot 
alcoholic potash converts an a-halogen acid into a salt of an 
unsaturated acid. Treatment of the salt of the unsaturated 
acid with hydrobromic acid or hydriodic acid results in the 
formation of a /3-halogen derivative of a saturated acid. (See 
Addition Reactions, p. 371.) 


CH 3 — CHBr — COOH + 2 KOH in alcohol 

— )-CH 2 =CH— C00K + KBr + 2H 2 0. 


CH 2 =CH— COOK 


2 HBr 
>■ 


CH 2 Br— CH 2 — COOH + KBr. 

% At 12 mm. 


* At 100 mm. 


t At 15 mm. 
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Chloroacetic acid, CH 2 C1C00H, is a colorless, crystalline 
solid which melts at 63° and boils at 187°. Dichloroacetic acid, 
CHCI 2 COOH (b.p. 191°), is a liquid at ordinary temperatures. 
Trichloroacetic acid, CCI 3 COOH, melts at 52° and boils at 
195°. These acids are stronger (more extensively ionized) than 
unsubstituted acetic acid. Their dissociation constants are 
listed on page 90. 


AMINO ACIDS 

The amino acids are derived from the saturated acids by 
several indirect methods. A concentrated aqueous solution of 
ammonia acts upon a halogen-substituted acid, converting it 
into the ammonium salt of an amino acid : 

RCHC1COOH + 3 NH 3 — RCHNH 2 C00NH 4 + NH 4 C1. 

The best general methods for making amino acids involve the 
use of reagents that have not yet been described. Among these 
reagents are malonic ester and potassium phthalimide. Further 
discussion of the preparation of amino acids, therefore, will be 
postponed (see pages 294-299). 

With few exceptions the a-amino acids are colorless crys- 
talline solids characterized by high melting points. Since they 
possess the basic amino group as well as the acidic carboxyl 
group, they exist largely in the form of intramolecular salts : 

R R 

I I 

' H — C — NH 2 H — C — NH 3 + . 

I I 

COOH COO- 


The a-amino acids, when heated, yield cyclic anhydrides 
(see page 302). The /3-amino acids are converted by heat into 
ammonium salts of unsaturated acids : 


CH 3 — CHNH 2 — CH 2 — COOH — »-CH 3 — CH==CH— COONH 4 . 

The 7 -amino acids and 5-amino acids yield lactams : 

CH 2 NH 2 — CH 2 — CHs— COOH 

— > CH 2 — CH 2 — CH 2 — CO + H 2 0. 


Y-Aminobutyric acid 


— NH — 

Butyrolactam 
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HYDROXY ACIDS 

M an y hydroxy acids occur as constituents of plant and animal 
tissues. They possess the properties of alcohols as well as the 
properties of acids. They may be synthesized as follows : 

1. The halogen-substituted acids react with aqueous potas- 
sium hydroxide or silver hydroxide, yielding hydroxy acids : 

R — CHBr — COOH + AgOH — > R— CHOH— COOH + AgBr. 

2. Amino acids are converted into hydroxy acids by treat- 
ment with nitrous acid : 

R— CHNHs— COOH + HN0 2 

— »- R— CHOH— COOH + N 2 + H 2 0. 


3. Aldehyde acids and ketone acids are reduced by sodium 
amalgam : 

R — CO — CH 2 — COOH + 2 Na + H 2 0 

— v R— CHOH— CH 2 — COONa + NaOH. 


4. Aldehydes and ketones form addition products with hydro- 
cyanic acid. These products — called cyanhydrins — are readily 
hydrolyzed to hydroxy acids : 

R— CHO + HCN — >- R— CHOH— CN ; 

R— CHOH— CN + 2 H 2 0 — *- R— CHOH— COONH 4 . 

Reactions of hydroxy acids. When heated the a-hydroxy acids 
lose water, forming cyclic compounds : 


CH 3 — CHOH 


HOOC 


+ 


COOH HOHC — CH 3 

a-Hydroxypropionic acid 

CH 3 — CH— 0— CO 
~ ^ CO— 0— CH— CH 3 

Lactide 


+ 2 H 2 0. 


Under similar treatment /3-hydroxy acids form unsaturated 
acids : 


CH 3 — CHOH— CH 2 — COOH 


0-Hydroxybutyric acid 


—h CHs— CH=CH— COOH + H 2 0. 

Crotonic acid 
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The 7 -hydroxy acids and 5-hydroxy acids are converted by heat 
into lactones : 

CH 2 0H — CH 2 — CH 2 — COOH 

■y-Hydroxybutyric acid 

— >• ch 2 — ch 2 — ch 2 — CO + h 2 o. 
I— o 1 

Butyrolactone 

There are other methods for producing lactones, as, for ex- 
ample, by heating $7 or y8 unsaturated acids : 

CH 3 — CH=CH — CH 2 — COOH 


CH 3 — CH— CH 2 — CH 2 — CO. 



POLYBASIC ACIDS AND THEIR DERIVATIVES 


Acids having two or more carboxyl groups in the molecule 
are produced by reactions analogous to those used for the syn- 
thesis of monobasic acids. The hydrolysis of compounds hav- 
ing more than one cyanide radical, the oxidation of alcohols 
having more than one — CH 2 OH group, and the oxidation of 
dialdehydes are methods of general application. The im- 
portant members of this series are the dibasic acids derived 
from normal (straight-chain) hydrocarbons with the two car- 
boxyl groups attached to the terminal carbon atoms. 

They are colorless, crystalline solids. The compounds hav- 
ing an odd number of carbon atoms are more soluble in water 
and melt at lower temperatures than those having approxi- 
mately the same molecular weights but containing an even 
number of carbon atoms. 


Name op Acid 

Formula 

Melting 

Point 

Solubility 
IN 100 G. 
Water, 20° 

Oxalic 

COOH— COOH 

189° 

l 8.6 

Malonic 

COOH— CH 2 — COOH 

135.6° 

73.5 

Succinic 

COOH(CH 2 ) 2 COOH 

185° 

5.8 

Glutaric 

COOH(CH 2 ) 3 COOH 

97.5° 

63.9 

Adipic 

C00H(CH 2 ) 4 C00H 

151° 

1.5 

Pimelic 

COOH(CH 2 ) 6 COOH 

103° 

5 

Suberic 

COOH(CH 2 ) 6 COOH 

140° 

0.16 

Azelaic 

COOH(CH 2 ) 7 COOH 

106.5° 

0.24 

Sebacic 

COOH(CH 2 )sCOOH 

127° 

0.10 


Oxalic acid , C 2 H 2 O 4 • 2 H 2 0, is widely distributed in nature. 
In the form of its salts it occurs in many plants, especially in 
the oxalis family. Rhubarb contains a sufficient quantity to 
arrest the growth of organisms that cause decay, and the plant 
can be preserved for weeks by immersion in water without arti- 
ficial sterilization. The acid is used in the manufacture of 
some dyes, and as a mordant in calico printing. It is the chief 
source of formic acid. 
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Oxalic acid crystallizes with two molecules of water, and in 
this form it is weighed for standardizing permanganate solu- 
tions for use in volumetric analysis. The reaction in acid solu- 
tion is represented as follows : 

5 (COOH) 2 + 2 Mn0 4 - + 6 H+ — v 2 Mn+ + + 10 C0 2 + 8 H 2 0. 

The hydrated acid loses water and sublimes at 150°, with 
partial decomposition. When heated with concentrated sul- 
furic acid, it decomposes in the same way, yielding carbon 
dioxide, carbon monoxide, and water, or carbon dioxide and 
formic acid : 

COOH 

[ — > C0 2 + CO + H 2 0. 

COOH 

Oxalic acid is stable in the presence of some oxidizing agents, 
— for example, concentrated nitric acid. It is made commer- 
cially by oxidizing starch or cellulose with concentrated nitric 
acid or by heating sawdust to 250° with a concentrated solu- 
tion of sodium hydroxide. 

It can be synthesized by the hydrolysis of cyanogen : 

CN C00NH 4 

| + 4 H 2 0 — | 

CN COONH4 

or by rapidly heating sodium formate : 

HCOONa COONa 

— H + H 2 . 

HCOONa COONa 

The last reaction is especially interesting, for it reveals a 
genetic relationship between oxalic and formic acids, the first 
members of the two most important series of the saturated 
acids. The preparation of formic acid from oxalic acid has been 
mentioned (p. 94). To obtain free oxalic acid from the soluble 
ammonium and sodium salts formed in the reactions shown 
above, lime is added to precipitate the insoluble calcium oxalate, 
Ca(C 2 04 ) 2 - The calcium salt is then decomposed with sulfuric 
acid, and the liberated oxalic acid is extracted with water, 
from which it crystallizes when the solution is concentrated by 
evaporation. 
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Malonic add is a. compound of prime importance on account 
of the many syntheses that can be made with the aid of its 
derivatives. It is made from acetic acid by a series of reac- 
tions that establish the constitution of the molecule. Chlorine 
acts upon acetic acid, producing a white crystalline derivative, 
chloroacetic acid, having the formula ClCH 2 COOH.* Potas- 
sium cyanide reacts with chloroacetic acid, as it does with 
alkyl halides, forming potassium chloride and leaving the 
cyanide radical attached to carbon. Cyanoacetic acid, there- 
fore, has the structure CN • CH 2 • COOH. The cyanide radical 
is always susceptible to hydrolysis, being thereby converted 
into the carboxyl group. Malonic acid is produced from cyano- 
acetic acid by boiling it with a solution of sulfuric acid. Its 
structure, therefore, is COOH - CH 2 • COOH. 

When malonic acid is heated above its melting point, it de- 
composes into acetic acid and carbon dioxide : 

COOH • CH 2 • COOH — > C0 2 + CH 3 • COOH. 

This is an example of a general reaction. When a compound 
having two carboxyl groups attached to the same carbon atom 
is heated above its melting point, it yields carbon dioxide and 
leaves hydrogen in the place of one carboxyl group. 

When heated with phosphorus pentoxide, malonic acid yields 
carbon suboxide and water as well as carbon dioxide and acetic 
acid (see Ketenes). 

Succinic acid, COOH • CH 2 • CH 2 • COOH (m.p. 185°, b.p. 
235°), occurs in amber, from which it may be obtained by dis- 
tillation. It is formed in small amounts as a by-product when 
alcohol is made by the fermentation of glucose. It is made 
from ethylene dibromide by a process that establishes its 
structure : 

CH 2 Br 2KCN CH 2 CN 4 H 2 0 CH 2 COOH 

I I * I 

CH 2 Br CH 2 CN CH 2 COOH 


* The reaction between chlorine and pure acetic acid is extremely slow. The 
practical procedure is to pass chlorine gas into a mixture of acetic acid and red 
phosphorus. Part of the acetyl chloride, which is first formed, reacts with acetic 
acid, forming acetic anhydride. Chlorine readily replaces hydrogen on the a- 
carbon atom in either the acid chloride or the anhydride, and from either of these 
derivatives chloroacetic acid is obtained by hydrolysis. 
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ESTERS OF DIBASIC ACIDS 

Malonic ester. When a mixture of malonic acid and absolute 
ethyl alcohol is saturated with hydrogen chloride gas and 
warmed, an ester is formed: 


COOH 

cooc 2 h 5 

| 

CH 2 + 2 C 2 H 5 OH - 

->ch 2 

1 

1 

COOH 

cooc 2 h 5 

Malonic acid 
(m.p. 135.6°) 

Malonic ester 
(b.p. 198°) 


The hydrogen atoms of the methylene group in malonic ester 
are replaceable by sodium or potassium or by chlorine or bro 
mine. When metallic sodium is dissolved in malonic ester, 
hydrogen is evolved and a solid sodium derivative of the ester 
is formed. The reaction is usually written as follows : 


COOC2H5 

CH 2 + Na 


C00C 2 H s 


./H 

C \ 

x Na 


+ iH 2 . 


COOC 2 H 5 COOC 2 H 5 

Malonic ester Sodiomalonic ester 


Sodiomalonic ester may be formed also by adding sodium 
ethylate to an alcoholic solution of malonic ester. In this 
case no hydrogen is evolved. The formula for sodiomalonic 
ester showing the sodium atom attached directly to carbon is 
probably incorrect, but it may be written in this form for the 
present purpose. Evidence relating to the structure of the 
compound will be presented in a later chapter. 

Sodiomalonic ester reacts readily with an alkyl halide, form- 
ing an alkyl-substituted malonic ester and a sodium halide : 

COOC 2 H 5 C00C 2 H 5 

JE / H 

C< +CH 3 I— + Nal. 

| x Na | x CH 3 

cooc 2 h 5 cooc 2 h 6 
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On hydrolysis this ester yields methylmalonic acid : 
COOC2H5 COOH 

I I 

CHa— C— H + 2 H 2 0 — > CH 3 — C — H + 2 C 2 H 5 OH. 

COOC 2 H 5 COOH 

Methylmalonic ester Methylmalonic acid 


Methylmalonic acid, having two carboxyl groups attached 
to the same carbon atom, may be decomposed by heat. The 
products of this decomposition are carbon dioxide and propionic 

acid; COOH 


CHa— C— H 

I 

COOH 


CHa— CH 2 — COOH + C 0 2 . 


This constitutes a synthesis of propionic acid from malonic 
ester. Any alkyl radical may be substituted for hydrogen in 
malonic ester, and therefore any homologue of acetic acid may 
be prepared from this ester. 

The remaining methylene hydrogen in an alkylmalonic ester 
may be replaced by sodium, and this, in turn, will react with 
an alkyl halide. The sodium derivative of methylmalonic 
ester reacts with ethyl bromide as follows : 

COOC 2 H 5 COOC 2 H 5 

CHa — C — Na C 2 HsBr — CH3 — C — C2H5 ~f" NaBr. 

COOC 2 H 5 cooc 2 h 5 


When hydrolyzed this yields methylethylmalonic acid. The 
latter is decomposed by heat into carbon dioxide and methyl- 
ethyl acetic acid or 2-methyl-butaneoic acid. 


COOC 2 H 5 

I h 2 o 

CHa— C— C 2 H s > 

COOC2H5 

heat 


COOH 

CHa— C— C2H5 
COOH 


CHa 

C2H5 


^>CH — COOH + C 0 2 . 


Other applications of this reaction will be considered later. 
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Esters of other diearboxylic acids are readily obtained by 
applying the general method of synthesis outlined in connec- 
tion with malonic ester. The acid is heated with an alcohol 
in the presence of hydrogen chloride or a little sulfuric acid. 
One or both of the carboxyl groups may be esterified. The 
formulas of some esters of oxalic acid are shown below : 


COOCHa 

I 

COOCH3 

Dimethyl oxalate 
(m.p. 54.4°, b.p. 163°) 


COOH 

I 

COOC 2 H 5 

Monoethyl oxalate 
(b.p. 117° (15 mm.)) 


COOC2H5 

COOC2H5 

Diethyl oxalate 
(b.p. 186°) 


ACID ANHYDRIDES 


Succinic acid loses water when heated with sulfuric acid or 
phosphorus oxychloride, forming succinic anhydride : 


CH 2 COOH 

I 

CH 2 COOH 


ch 2 c/° 

I >0 + h 2 o. 

ch 2 c< 0 


/COOH 

Isosuccinic acid, CH 3 • CH<f , does not form an anhy- 

N300H 

dride, but decomposes when heated above its melting point 
(130°) into carbon dioxide and propionic acid. 

Oxalic and malonic acids do not form true anhydrides, 
while succinic and glutaric acids form them readily. This 
fact is explained by a consideration of the three-dimensional 
figures formed by molecules made up of chains of two or more 
carbon atoms. Assuming, once more, that the carbon atom is 
a regular tetrahedron with its valence electrons stationed at 
the four apices, the acids mentioned may be represented 
graphically as follows : 



Oxalic Malonic 




Succinic Glutaric 
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It will be observed that the hydroxyl groups that are in- 
volved in the anhydride formation approach each other as the 
number of carbon atoms increases from two to five. To link 
the first and fourth carbon atoms through oxygen by eliminating 
water involves less strain in the molecule than would be required 
to connect the first and second or the first and third carbon 
atoms. In consequence of this close approach of the hydroxyl 
groups, succinic acid can form an anhydride whereas oxalic and 
malonic acids cannot. The same sort of reasoning leads to the 
conclusion that glutaric acid should form an anhydride even 
more readily than does succinic, which is actually the case. 
Acids of this series having five or more carbon atoms may 
form anhydrides without strain. The higher members, how- 
ever, do not readily yield anhydrides, for the rate of reaction 
between the carboxyl groups decreases as the length of the 
chain increases. 


AMIDES OF DIBASIC ACIDS 


One or both of the carboxyl groups in a dibasic acid may be 
involved in amide formation. Compounds containing one un- 
changed carboxyl group and one CONH 2 group are called amic 
ac ids 

COOH CONHa CONHs 


COOH 

Oxalic acid 


COOH 

Oxamic acid 


CONH 2 

Oxamide 


Oxamide is a white, crystalline substance which is sparingly 
soluble in water. At 180° it sublimes with partial decomposi- 
tion. Cyanogen and water are the principal decomposition 
products : 


CONH 2 

I 

CONH 2 


CN 
I ' 
CN 


+ 2 H 2 0. 


The diamides are formed by reactions analogous to those 
used for amides of monobasic acids. Diethyl oxalate, for in- 
stance, when warmed with ammonia, yields oxamide. Acid 
ammonium oxalate, when heated, yields the white crystalline 
oxamic acid : 

COOH COOH 

I — H + h 2 0 . 

COONH 4 conh 2 
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Succinic acid yields a monoamide, suecinamic acid (I), and 
two diamides (II and III) : 


CH 2 — CONH 2 
CH 2 — COOH 


CH 2 — CONHa 


CH 2 — CONH 2 
n 


CHa— C(NH a )a 
>0 


CHs— C : O 

hi 


When heated the diamide represented by formula II yields 
ammonia and succinimide : 


</° 

ch 2 • c— nh 2 

I 

ch 2 • c^-nh 2 
^0 
Succinamide 


ch 2 • c<f 

■ I >NH + NHs. 

ch 2 • cc 

Succinimide 


Succinimide (m.p. 126°, b.p. 288°) crystallizes with one mole- 
cule of water. It is neutral to litmus, but reacts with alcoholic 
potash, forming a salt : 


,0 




.0 


ch 2 • c/ koh ch 2 - C'< 

| >NH * I >NK + H 2 0. 

ch 2 -c < 0 ch 2 .c< 


Urea. The diamide of carbonic acid, urea, was the first 
organic compound to be prepared by an artificial method. The 
synthesis was accomplished through the reversible conversion 
of ammonium cyanate into urea, a reaction first observed by 
Wohler (1828). The change occurs during the evaporation of 
an aqueous solution of ammonium cyanate : 

NH 4 CNO <=Z CO(NH 2 ) 2 . 


Urea may be prepared by the action of ammonia on phos- 
gene gas : 


/Cl 

C=0 +4NH 3 
\C1 


/'NH2 

C=0 + 2 NH 4 CI. 

\nh 2 


It crystallizes in colorless prisms, melting at 132°, and dissolves 
readily in water and in alcohol. , 
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Urea constitutes from 2 to 5 per cent of the urine. The aver- 
age amount excreted daily by an adult person is between 25 g. 
and 35 g. It is formed along with smaller quantities of uric 
acid, creatine, ammonia, and other nitrogen compounds as an 
oxidation product of the proteins in the living tissues. It may 
be obtained from urine by evaporation and extraction of the 
residue with hot alcohol, or in a more pure state by concentrat- 
ing the sample through partial evaporation and acidifying with 
nitric acid. The slightly soluble urea nitrate, C 0 (NH 2 ) 2 HN 03 , 
precipitates. The salt is decomposed by barium carbonate, and 
the urea is separated from the resulting barium nitrate by ex- 
traction with alcohol. Oxalic acid also forms an insoluble salt 
of urea. 

When heated above its melting point, urea decomposes, with 
the liberation of ammonia and the production of cyanuric acid 
and biuret. 

An alkaline solution of biuret, NH 2 • CO • NH • CO • NH 2 , 
acquires a violet color when a solution of a copper salt is added. 
This is known as the biuret test and is mentioned in connection 
with the color reactions of the proteins. 

The quantitative estimation of urea is accomplished by 
measuring the nitrogen evolved from a weighed sample when 
treated with an alkaline solution of sodium hypobromite : 

CO(NH 2 ) 2 + 3 NaOBr — >- 3 NaBr + N 2 + C0 2 + 2 H 2 0. 

This reaction was used for many years as a basis for the clinical 
estimation of urea in urine. It is, however, entirely untrust- 
worthy in this connection, for other nitrogen compounds some- 
times found in urine respond to the test. 


Thiourea, the diamide of thioearbonic acid, exists in two forms, which, 
in solution, establish a tautomeric equilibrium : 


/NH 2 

c£=s -r*~ 

Nnbv 


/NH 2 

Cs-SH 

NsTH 


The free amide in the solid state is known only as colorless crystals (m.p. 
172°), soluble in water and insoluble in alcohol, but many of its derivatives 
have been isolated in isomeric forms. 

When warmed with mercuric oxide, thiourea yields cyanamide : 


/NH 2 




nh 2 
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Guanidine, a colorless, crystalline, basic compound, is closely related 
to urea and thiourea. It may be prepared from cyanamide and an am- 
monium salt : 

NH yiSXl2 

C/ 2 + NH 4 CI — C==NH + HCL 

\nh 2 

Guanidine 

The hydrochloric acid is not liberated, but combines with the guanidine 
to form a salt. With concentrated nitric acid guanidine forms a nitro com- 
pound, and like any other nitro body this compound can be reduced to an 
amine of corresponding structure : 

y NH-N° 2 [ ? /NH-NH,. 

C : NH *■ C : NH + 2H 2 0. 

Nnh 2 ' x NH 2 

Nitroguanidine Aminoguanidino 


Aminoguanidine undergoes hydrolysis in either acid or alkaline solution, 
the products being hydrazine, ammonia, and carbon dioxide : 

.NH • NH 2 

C : NH + 2H 2 0 — ► NH 2 NH 2 + 2NH 3 + C0 2 . 

\nh 2 


Guanidine also is readily hydrolyzed in alkaline solution, the products 
being urea and ammonia : 


/NH 2 
C : NH 

Nsth 2 


+ h 2 o 


/NH 2 
• C : 0 


+ NH 3 . 


UNSATURATED ACIDS 

Fumaric acid and maleic acid are unsaturated compounds 
corresponding to the formula C4H4O4. Fumaric acid sublimes 
at 200°. It is found in small quantities in many plants. It is 
not very soluble in water (1 : 160). Maleic acid is not found in 
nature. It is a synthetic product only. It melts at 130° and 
dissolves in less than twice its weight of water at 15°. 

When heated, maleic acid yields an anhydride, one molecule 
of water being eliminated. Fumaric acid does not form an 
anhydride. 

* The reduction is actually accomplished by treatment with titanous chloride or 
through the agency of tin and hydrochloric acid. Equations representing oxidation 
and reduction processes are sometimes balanced by using the symbols for free oxygen 
or free hydrogen even in cases where these gases fail to accomplish the indicated 
results. When used in connection with reactions that actually require other reagents 
the symbols for hydrogen and oxygen are placed within brackets. 
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Fumaric and maleic acids are both obtained from malic acid, 
COOH • CHOH • CH 2 • COOH, by eliminating one molecule of 
water, which is accomplished by heat alone. At 140° fumaric acid 
is formed ; at 200° maleic anhydride is the chief product. Both 
acids have the structural formula COOH • CH : CH • COOH. 
They are geometrical isomers having the following structures : 

COOH • C • H H • C • COOH 

II and || 

H • C • COOH H • C • COOH 

Fumaric acid Maleic acid 


HYDROXY ACIDS 

Tartaric acids. There are four tartaric acids corresponding 
to the formula COOH • CHOH • CHOH • COOH. They pre- 
sent an interesting case of stereoisomerism. The phenomenon of 
optical activity was considered in connection with the amyl 
alcohols (p. 43), and the cause was traced to an asymmetric 
structure of the molecule. Two of the tartaric acids are op- 
tically active and two inactive. Three structural formulas for 
tartaric acids may be represented graphically as follows: 



Imagine these tetrahedra flattened out on the plane of the 
paper; then the same configurations are represented by the 
simple projection formulas : 


COOH 

I 

H— C— OH 

I 

H—C— OH 
COOH 


COOH 

I 

HO— C— H 
H—C— OH 

I 

COOH 

II 


COOH 

I 

H—C— OH 

I 

HO— C— H 

I 

COOH 

hi 
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One of the inactive tartaric acids is a racemic compound 
consisting of a mixture of equal quantities of the mirror images 
represented by formulas II and III. The other inactive acid 
cannot be resolved into optically active forms and must corre- 
spond to a single formula. It is not a mixture. If formula I 
were cut in two between the asymmetric atoms, and if the lower 
half were rotated in the plane of the paper through an angle of 
180°, the lower half would appear as the mirror image of the 
upper half. If either of the other structures were severed and 
rotated in the same manner, the two halves would appear to 
be identical. In a structure of the type represented by formula 
II or III any effect the upper half of the molecule has on polar- 
ized light is duplicated by the lower half ; but in a structure 
like formula I, if the upper half tends to turn the plane of 
polarization to the right, the lower half rotates it to the left, 
and since the two ends are similarly asymmetric, that is, iden- 
tical groups are attached to both asymmetric carbon atoms, 
the gyratory power of one is exactly counterbalanced by the 
other. Such a molecule is optically inactive on account of in- 
ternal compensation. It is not racemic (that is, it is not a 
mixture of two active forms), but it is inactive on account of 
the equal and opposite effects produced by the two similarly 
asymmetric ends of the same molecule. 

Two dissimilar asymmetric carbon atoms in the same mole- 
cule give rise to four active stereoisomers and two racemic mix- 
tures but no internally compensated form. 

Dextrotartaric acid (m.p. 170°) is obtained from grapes. It 
occurs in grape juice in the form of a potassium salt, KHC 4 H 4 O 6 
(cream of tartar), and precipitates when the juice ferments, on 
account of its insolubility in alcohol. This salt is used in the 
manufacture of baking powders : 

KHC 4 H 4 O 6 + NaHCOs — KNaC 4 H 4 06 + H 2 0 + C0 2 . 

The leavening of bread is accomplished by releasing carbon dioxide in 
the dough. In some baking powders pure tartaric acid is used with sodium 
bicarbonate : 

H2C4H4O0 + 2 NaHCOa — Na^EUOe 4- 2 H 2 0 + 2 C 0 2 . 

In other powders alums or phosphates are substituted for the more expen- 
sive tartrate. The reactions of alum and phosphate powders are represented 
by the following equations : 

K 2 Al2(S0 4 )4 + 6 NaHCOs — ^ 2 Al(OH) 3 + 3 Na 2 S0 4 4- K 2 S0 4 4- 6 C0 2 . 

CaH 4 (PO*) 2 4- 2 NaHCOs — ^ CaHP0 4 4- Na 2 HP0 4 + 2 H 2 0 + 2 C0 2 . 
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The sodium potassium salt NaKXItELtOe, known as Rochelle 
salt, is used in making Fehling’s solution and in Seidlitz 
powder. 

When d-tartaric acid is boiled with an excess of sodi um 
hydroxide, it is racemized, that is, converted into an equi- 
molecular mixture of the dextro and laevo forms. The ra- 
cemic acid thus formed, cZZ-tartaric, is optically inactive, but 
may be resolved into the active components by the methods 
devised by Pasteur (p. 133). Lsevotartaric acid (m.p. 170°) is 
obtained by these methods from racemic acid. Mesotartaric 
acid, inactive on account of internal compensation, cannot be 
resolved into active components. It is formed along with ra- 
cemic acid, when d- tartaric acid is boiled with a solution of 
sodium hydroxide. 

Relationships existing between fumaric, maleic, succinic, 
and tartaric acids are easily interpreted on the basis of the 
structural formulas given above. 

When maleic acid is oxidized by potassium permanganate, 
mesotartaric acid is formed. Fumaric acid under the same 
treatment yields a mixture of dextrotartaric and lsevotartaric 
acids (racemic acid). This is in strict harmony with the struc- 
ture theory. The changes may be represented graphically as 
follows, but a clearer insight would be obtained by means 
of models: 



The structure formed by breaking the double bond at position a 
and introducing at that point a hydroxyl group on each carbon 
atom is the mirror image of the product formed by breaking 
the bond at b. Since the chances for breaking at these two 
points are exactly equal, the two forms are produced in equal 
quantities. 
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When maleic acid is oxidized by the addition of two hydroxyl 
groups, the same structure is formed, no matter which position 
is attacked, and this structure corresponds to the one assigned 
to mesotartarie acid on the basis of its failure to yield to the 
method employed for resolving inactive compounds into opti- 
cally active components. 



The principle of stereoisomerism accounts also for the re- 
sults obtained when fumaric and maleic acids are treated with 
bromine. A dibromosuccinie acid is formed in each case, but 
the two products are not identical. The dibromosuccinie acid 
made from maleic acid, when warmed with alcoholic potash, 
loses a molecule of hydrobromic acid and is thereby converted 
into bromofumaric acid. On the other hand, fumaric acid gives 
rise to a dibromosuccinie acid, which loses hydrobromic acid 
with the formation of bromomaleic acid. 



Br2 



Rotation around the common axis of the two tetrahedra, to 
bring the hydrogen on one carbon atom over bromine on the 
other, must occur before HBr can be eliminated from this ad- 
dition product. When this is done, the double bond is estab- 
lished with the carboxyl groups on opposite sides of the molecule. 
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Br 

Isodibromosuccinic acid Bromofumaric acid 


Beginning with fumaric acid, similar changes occur. 



The dibromosuccinic acid which is derived from fumaric 
acid by treatment with bromine yields mesotartaric acid when 
the bromine atoms are replaced by hydroxyl groups through 
the action of a base. This is an unexpected result, for when 
fumaric acid acquires hydroxyl groups directly through the 
agency of an alkaline permanganate solution, racemic tartaric 
acid is formed. No satisfactory explanation of this anomaly 
has been made. 

Resolution of racemic acid. Three general methods are em- 
ployed to resolve racemic mixtures into their optically active 
components. 

1. Some microorganisms grow in racemic mixtures, destroy- 
ing one isomer and leaving the other form unchanged. With 
the aid of Penicillium glaucum, Pasteur obtained laevotartaric 
acid from racemic acid. The dextrorotatory form was removed 
by the organism. 

2. In a few instances the two forms differ in crystalline struc- 
ture, and may be separated by mechanical means. Quartz and 
sodium ammonium racemate, for example, produce crystals, 
some of which have right and others left hemihedral faces. 
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3. The best method from the standpoint of general applica- 
tion consists in forming condensation products with other opti- 
cally active compounds. A racemic mixture forms two different 
derivatives with the same optically active reagent, and these 
derivatives may be separated by taking advantage of their dif- 
ferences in solubilities, boiling points, and so on. Such deriva- 
tives are not optical isomers and hence they have different 
che mical and physical properties. Suppose, for example, we 
have a racemic acid composed of components A + and A - . If 
we treat the mixture with a dextrorotatory base, B + , two dif- 
ferent salts will be formed, A+B+ and A~B+. These may be 
separated, and subsequently decomposed, to yield the free acids 
A + an d A - . Pastern accomplished the resolution of racemic 
acid with the aid of the optically active bases brucine, strych- 
nine, and quinine.* Markwald used cinchonine for the same 
purpose.f 

The optically active aldehyde helicin has been used to form 
condensation products with racemic amines. After separating 
the products by fractional crystallization, the helicin is split 
off by hydrolysis, t 

Asymmetric syntheses. Attempts to prepare optically active 
compounds by synthetic methods without the aid of optically 
active reagents have failed. It is an easy matter to synthesize 
compounds having asymmetric carbon atoms, but there is 
always the same probability of obtaining one as the other of 
the active forms. As a result of this condition the two forms 
are always produced in equal amounts and the synthetic 
product is racemic. Thus in the reduction of acetophenone, 
CH 3 • CO - CeH 5 , to CH 3 - CHOH • CeH 5 , the central carbon 
atom is rendered asymmetric, but there is no way to control 
the reaction so that one form will predominate in the mixture. 

If, on the other hand, a new carbon atom is rendered asym- 
metric in a molecule which is already asymmetric and opti- 
cally active, there may be a definite orientation of the entering 
groups favoring the formation of one of the optical isomers. 
This occurs in some reactions of d-glucose. The carbon atom 
of the aldehyde group is rendered asymmetric by addition of 
HCN, but the two stereoisomeric cyanhydrins are not formed 
in equal amounts. 

♦ Pasteur, Ann. chim. et 'phys., 38, 437 (1853). + Markwald, Ber., 29, 42 (1896). 

t Erlenmeyer, Jr., Ber., 36, 976 (1903). 
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Racemization. Many optically active compounds may be 
converted into racemic mixtures by heating them alone or with 
acids or alkalies. Dextrotartaric acid is racemized by heating it 
with a little water in a sealed tube for five or six hours at 175 °, 
or by boiling it with a concentrated solution of sodium hydrox- 
ide.* The reaction takes place in two stages, mesotartaric 
acid being formed by rearrangement of two groups on one 
carbon atom, and the laevorotatory compound by a similar 
rearrangement involving both asymmetric atoms. This ac- 
counts for the fact that mesotartaric acid predominates in the 
early stages of the process, whereas racemic acid constitutes 
the final product. In many compounds having two or more 
asymmetric carbon atoms, the optically active forms are only 
partially racemized — the configuration with respect to one or 
more of the asymmetric groups remaining undisturbed. The 
interesting phenomenon of obtaining, through chemical re- 
actions, a reversal in the sign of optical rotation is discussed 
under the Walden inversion. 

In some cases a racemic product is not merely a mixture of the optically f 
active forms but a compound of the two. Melting-point determinations 
and other applications of the phase rule may be made to distinguish between 
the two, states. Although optical isomers melt at the same temperature, 
mixtures of the two melt at a lower temperature, the minimum temperature 
corresponding to an equimolecular mixture — the racemic product. If the 





stereoisomers do not react with each other to form a definite compound, the 
melting-point curve produced by the addition of one active form to the other 
is represented in I. If the two forms produce a racemic compound, melting 
at a higher temperature than that of the components, the melting-point 
curve belongs to the type shown in II, and if it melts at a lower tem- 
perature than the melting point of the optically active forms, the curve 
corresponds to III. In any case of compound formation, the melting point 
of the pure compound is higher than that of a mixture of the compound with 
a small amount of either active form. 


♦Meissner, Ber., 30, 1574 (1897). 
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The addition of a small amount of one of the active modifications to the 
racemic product, therefore, elevates the melting point if the inactive substance 
is a mixture and lowers the melting point if the product is a compound. 


Optically active compounds of tin, silicon, sulfur, selenium, 
nitrogen, and phosphorus are known, and in every case it ap- 
pears that four different radicals attached to the same atom 
are necessary and sufficient to give rise to stereoisomeric forms. 

Citric acid. A crystalline tribasie acid, CeHsCb, known as 
citric acid is obtained from the juice of lemons. It sometimes 
constitutes as much as 6 per cent of the juice. It is found in 
smaller quantities in many other fruits. Citric acid crystallizes 
with one molecule of water. It is dehydrated by heating it to 
130°, and the anhydrous acid melts at 153°. Citric acid has 
been synthesized by the following process: Dichloroacetone 
reacts with hydrogen cyanide, yielding a cyanhydrin, 


CH 2 C1 

C=0 +HCN 
CH 2 C1 


CH 2 C1 

,OH 

C \ 

X CN 

CH 2 C1 


This product is hydrolyzed, the CN group being converted into 
COOH. The two chlorine atoms are then replaced by CN 
groups through the agency of potassium cyanide, and these 
groups, in turn, are converted into carboxyl groups by hy- 
drolysis : 


CH 2 — CN 

1<° H ■ 
| X COOH 

CHa— CN 


CH 2 -COOH 

1< 0H 
I x COOH 

CH 2 -COOH 


The presence of an alcoholic hydroxyl group in the molecule 
is indicated by the fact that the triethyl ester of citric acid 
reacts with acetyl chloride, forming an acetyl derivative of the 
ester. 
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The principal derivatives of cyanogen are the cyanides or 
nitriles, RCN ; the isocyanides or carbylamines, RNC ; the 
cyanates, ROCN ; the isocyanates, RNCO ; and the fulmi- 
nates, RONC. 

Cyanogen, C 2 N 2 (m.p. — 34.4°, b.p. — 20.7°), is a colorless, 
poisonous gas, fairly soluble in water (4 : 1 by volume) and very 
soluble in alcohol (23 : 1). It burns with a purple flame. Its 
formation from oxamide by dehydration indicates its structure : 


CONH 2 

I 

conh 2 


p 2 0 s 

> 


CN 

| + 2 H 2 0. 

CN 


It is usually made by heating a solution of potassium cyanide 
with copper sulfate. The cupric cyanide first formed decom- 
poses, yielding cuprous cyanide and cyanogen. 


CYANIDES AND ISOCYANIDES 

Hydrogen cyanide, or prussic acid, HCN (m.p. — 14°, b.p. 26°), 
is a colorless, poisonous liquid, having an odor resembling that 
of almond oil. It has a high dielectric constant and is a good 
ionizing solvent for many inorganic salts. Prussic acid occurs 
as a glucoside in bitter almonds and in the seeds of many tropical 
plants. 

Hydrocyanic acid is ten thousand times weaker than acetic 
acid. The dissociation constants are 1.3 X 10” 9 and 1.8 X 10~ 5 
respectively. The salts of hydrocyanic acid are decomposed by 
carbonic acid. 

Many processes have been devised for using atmospheric ni- 
trogen as a source of cyanides. Calcium carbide, when heated 
in an atmosphere of nitrogen, is converted into calcium cyanide 
and calcium cyanamide : 

CaC 2 "H N 2 Ca(CN) 2 
Ca(CN) 2 — >- CaNCN + C. 
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Calcium cyanamide is manufactured in enormous quantities 
for use as a fertilizer. When applied to the soil it undergoes 
hydrolysis to cyanamide, which in turn is converted into urea 
and ammonium salts. Under the influence of nitrifying bac- 
teria present in all productive soils, ammonium salts are con- 
verted into nitrites and ultimately into nitrates, and thus 
nitrogen withdrawn from the air through the agency of cal- 
cium carbide becomes available to plants. Calcium carbide 
prepared from lime and coke in an electric furnace is pulverized, 
then reheated in an atmosphere of nitrogen. Enough heat is 
evolved in the reaction to maintain the nitrifying ovens at the 
proper temperature. 

The nitrogen used is obtained from the atmosphere (1) by 
distillation of liquid air (the first fraction is largely nitrogen) 
or (2) by passing air over red-hot, finely divided copper on 
asbestos. The copper oxide is reduced by hot natural gas 
without removing it from the tubes, so that the same copper 
can be used repeatedly. 

^N 

Cyanamide, C\^ , is a colorless crystalline substance 

(m.p. 44°). The usual laboratory method for making it in small 
quantities consists in passing carbon dioxide over hot sodium 
amide: 

2 NaNH 2 + C0 2 — >- CNNH 2 + 2 NaQH. 


Cyanamide combines with water to form urea. With am- 
monia it yields guanidine, and with hydrogen sulfide it forms 
thiourea : 


/NH 2 




/nh 2 

Cr NH , Guanidine; 

\nh 2 



In an ammoniacal solution of a silver salt it forms a yellow 
precipitate, CN • NAg 2 . 
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Potassium cyanide reacts with alkyl halides in alcoholic 
solution, yielding alkyl cyanides or nitriles, RCN, mixed with 
small er amounts of isocyanides or carbylamines, RNC : * 

RX + KCN — *■ RCN + KX. 

RX + KCN — »- RNC + KX. 

The isocyanides are converted into the normal compounds when 
•heated to 250 °. 

Nitriles may be obtained from amides by heating the latter 
with phosphorus pentoxide : 

CH 3 • CONH 2 CH 3 • CN + H 2 0. 

Many amides may be converted into nitriles by bromine and 
potassium hydroxide. An amine is first formed,! and with the 
lower members the amine is the final product : 

C4H9 • CH 2 • CONHs + KOBr + 2 KOH 

— y C4H9 • CH2NH2 + K2CO3 -f- KBr -j- H2O ; 

C4H9 • CH2NH2 + 2 KOBr — >■ C4H9 • CN + 2 KBr + 2 H 2 0 . 

The alkyl cyanides are readily hydrolyzed to amides or to 
acids. Boiling with acids or alkalies usually carries the hy- 
drolysis to completion ; that is to say, acids or salts of acids 
are produced. Warming cyanides with hydrogen peroxide often 
results in the formation of amides : 

R • CN + H2O2 —*■ R • CONH2 + 1 0 2 . 


Reduction by sodium amalgam in alcoholic solution or by 

hydrogen in contact with hot nickel converts a cyanide into 

an 3Jnin6 . _ A TT xttt 

RCN + 2 H 2 — y RCH2NH2. 


These reactions all indicate that the carbon of the cyanide 
radical is linked directly to carbon in the alkyl group. In other 
words, the formula of a nitrile is RCN and not RNC. 

The nitriles are derived indirectly from alcohols or directly 
from alkyl halides and they are readily hydrolyzed to acids 
or reduced to amines. They are named with reference either 

* Hydrocyanic acid is itself a tautomeric substance, H • C : N and H • N : C, 
and nearly all its derivatives are capable of existence in two forms. 

t See Hofmann Rearrangement, p. 412. 
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to the alkyl halides from which they are derived or to the acids 
which they form. Thus CH3CN is either methyl cyanide or 
acetonitrile; and C2H5CN is ethyl cyanide or propionitrile. 


Cyanides or Nitriles 


Name 

Formula 

Boiling Point 

Acetonitrile 

CH 3 CN 

82° 

Propionitrile 

ch 3 • ch 2 cn 

97.1° 

Butyronitrile (n) 

CHs • CH 2 * CH 2 * CN 

118° 

Butyronitrile (zso) 

(CH 3 )2CHCN 

108° 

Valeronitrile ( n ) 

CH 3 (CH 2 )sCN 

141° 

Isopropylacetonitrile 

(CH 3 ) 2 CH • CH 2 CN 
ch 3x 

>CHCN 

129.3° 

Methylethylacetonitrile .... 

125° 

Trimethylacetonitrile 

(CH 3 ) 3 CCN 

106° 

Isobutylacetonitrile 

(CH 3 ) 2 CH • CH 2 • CH 2 CN 

155.5° 

Diethylacetonitrile 

(C 2 H 6 ) 2 CHCN 

146° 


Methyl cyanide, CH 3 • CN (m.p. — 41 °), a liquid having a 
pleasant odor, is prepared by distilling acetamide with phos- 
phorus pentoxide. Ethyl cyanide, C2H5 • CN (m.p. — 103°), is 
made in the same way from the amide of propionic acid. All 
members of the series containing fewer than five carbon atoms 
and most of the higher members are liquids somewhat lighter 
than water and only sparingly soluble in water. Trimethyl- 
acetonitrile is a solid (m.p. 16 °). Myristonitrile, C13H27CN, 
melts at 19°; palmitonitrile, C15H31CN, at 29°; stearonitrile, 
C17H35CN, at 41°; and margaronitrile or cetyl cyanide, 
Ci 6 H 33 CN, at 53°. 

The isocyanides or carbylamines are liquids characterized 
by persistent and offensive odors. They are produced from 
primary amines by the action of chloroform and an alkali in 
alcoholic solution : 

CH3NH2 + CHCI3 + 3 KOH — v CH 3 NC + 3 KC 1 + 3 H 2 0 . 

Cold dilute acids hydrolyze carbylamines to amines and for- 
mic acid : 

CH 3 NC + 2 H 2 0 — * CH3NH2 + HCOOH. 

They are not hydrolyzed by alkalies even when warmed. The 
normal cyanides, on the other hand, are hydrolyzed by either 
acids or alkalies. 
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The formula R — N=C for an isocyanide was established by 
Nef.* It was formerly written R — N=C, but there is no evi- 
dence for the existence of a quadruple bond between atoms in 
any compound ; and there is an abundance of evidence for the 
existence of compounds of bivalent carbon. That the carbon 
atom is unsaturated in an isocyanide is indicated by the fact 
that phenylisocyanide, CeHs — N=C, forms an addition product 
with chlorine, having the structure CeH 5 — N=CCl 2 ; and is 
oxidized to an isocyanate by mercuric oxide : 

C 6 H 5 — N=C + HgO — ► C 6 H s — N=C= 0 + Hg. 

In these reactions additions occur on the carbon atom exclu- 
sively, and there are many other examples of the same type. 
If a multiple bond were broken, the added atoms would be 
shared by two elements instead of going to one alone. 

CYANATES, ISOCYANATES, AND FULMINATES 

Cyanic, acid, HOCN, derived from cyanuric acid, (HOCN) 3 , 
as explained in the next paragraph, is an extremely unstable 
liquid. At temperatures above zero it polymerizes to an amor- 
phous solid composed of cyamelide, (HNCO) 3 , and cyanuric 
acid, (HNCO) 3 . A solution of the acid in water is also un- 
stable, changing spontaneously at ordinary temperatures into 
carbon dioxide and ammonia. 

Cyanuric acid is made by heating urea. Biuret is first formed, 
but this reacts with another molecule of urea, forming cyanuric 
diCid ! 

2 NH 2 C0NH 2 — »- NH 2 CONHCONH 2 + NHs ; 

Urea Biuret 

NH 2 C0NHC0NH 2 + NH 2 C0NH 2 — > C 3 H 3 N 3 O 3 + 2 NHs. 

Biuret Urea Cyanuric acid 

Cyanic acid is obtained by distilling cyanuric acid and cooling 
the distillate to a temperature below zero. 

The constitution of cyanic acid has not been definitely es- 
tablished. It is either H — 0 — C=N or H — N=C=0 or an 
equilibrium mixture of the two. It forms two series of deriva- 
tives, those corresponding to the formula HOCN, called normal 
cyanates, and derivatives of HNCO, known as isocyanates. 

*Nef, Ann., 270, 267 (1892) ; ibid., 287, 265 (1895). 
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Esters of normal cyanic acid have not been isolated, for they 
polymerize as rapidly as formed, producing esters of eyanuric 
acid. Esters of isocyanie acid are well known. They are 
liquids having disagreeable odors. They polymerize to iso- 
eyanuric esters when heated and are hydrolyzed by water 
to carbon dioxide and amines : 

RNCO + H 2 0 — RNH 2 + C0 2 . 

Cyamelide, mentioned above as one of the polymerization 
products of cyanic acid, is a stable, nonvolatile, and insoluble 
solid substance. It is formed rapidly and spontaneously from 
the vapor of cyanic acid at ordinary temperatures. At higher 
temperatures eyanuric acid is formed. Cyamelide is con- 
verted into eyanuric acid by hot alkalies; but eyanuric acid 
can be changed back to cyamelide only through the formation 
of cyanic acid as an intermediate product. The formulas as- 
signed to these substances are 

HNC/°\CNH 

I I 

0 o 

\ / 

CNH 

Cyamelide 

but there is still doubt as to the validity of these structures. 

Fulminic acid , H — 0 — N=C, has not been isolated in the 
free state. Its salts are more stable, but even the salts of ful- 
minic acid must be handled with care. They are easily de- 
■ tonated, and in fact their only practical value depends upon this 
property. Mercury fulminate, Hg(ONC) 2 , is used in percus- 
sion caps for firearms and in the caps used in connection with 
fuses for firing blasting gelatin and dynamite. 

Hydrochloric acid combines with fulminic acid, yielding the 
oxime of formyl chloride in the form of large, colorless crystals 
which rapidly vanish by evaporation, even at room tempera- 
ture ! JJ 

H— 0— N=C + HC1 H— O— N=c/ 

\C1 

This reaction, coupled with the fact that fulminic acid and 
many of its derivatives yield hydroxylamine on hydrolysis, in- 
dicates the presence of the =NOH group in all fulminates. 


HO<y* N \cOH 
I II 

N N 

\ / 
COH 

Cyanuric acid 


oc/ NH \co 
I I 

HN NH 

\ / 

CO 

Isocyanuric acid 



THE AMMONIA SYSTEM 


Franklin * has called attention to remarkable analogies be- 
tween the properties of water and ammonia and has developed 
what is known as the ammonia system. Water and liquid am- 
monia are good ionizing solvents. Ionic reactions may be carried 
out in liquid ammonia as well as in water. For instance, silver 
chloride is precipitated from an aqueous solution of silver ni- 
trate and barium chloride, because of the insolubility of silver 
chloride in water. In liquid ammonia silver chloride, silver 
nitrate, and barium nitrate are soluble, and barium chloride 
is insoluble. The equation 

2 AgNOs + BaCl 2 2 AgCl + Ba(N 0 3 )s 

represents a typical double decomposition which proceeds from 
left to right in water or from right to left in liquid ammonia. ' 

The ordinary oxygen acids are considered as derivatives of 
water in which hydrogen has been replaced by a nonmetallic 
element or by a negative radical. Acetic acid, for example, 
is water in which a hydrogen atom has been replaced by the 
acetyl group, CH3CO — . If the same group is substituted 
for hydrogen in ammonia, we obtain the amide, CH3CONH2, 
or the imide, (CH 3 CO) 2 NH, and these are acids in the am- 
monia system. That is to say, they bear the same relationship 
to ammonia that ordinary acids bear to water. 

Bases, such as NaOH and Ba(OH) 2 , are derivatives of water 
in which hydrogen atoms have been replaced by metals. Simi- 
larly, compounds like sodium amide, NaNH 2 , and barium 
imide, BaNH, represent derivatives of ammonia in which hydro- 
gen atoms have been replaced by metals. They are bases in 
the ammonia system. 

Ammonium chloride, when dissolved in liquid ammonia, re- 
acts with metals, liberating hydrogen. In this reaction the 
ammonium ions in ammonia display properties similar to the 
properties of hydrogen ions in water. 

* Franklin, Am. Chem. J 47, 285 (1912); J. Am. Chem. Soc., 37, 2279 (1915); 
ibid., 46, 2137 (1924). 
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Ordinary acids and bases react to form salts and water ; and, 
in the same way, ammono acids and bases yield ammono salts 
and ammonia : 

CH 3 COOH + NaOH CHgCOONa + H 2 0. 

Aquo acid Aquo base Salt Solvent 

CH3CONH2 + NaNH 2 CHaCONHNa + NH 3 . 

Ammono acid Ammono base Salt Solvent 

Acid amides and imides are the acids of the ammonia system. 
Metallic amides, imides, and nitrides are the bases ; and metallic 
derivatives of the acid amides and imides are the corresponding 
salts. 

Alcohols, phenols, and ethers are derived from water by the 
substitution of radicals for hydrogen. In the ammonia system 
the aliphatic and aromatic amines represent similar types of 
substitution products. The analogies may be extended to sub- 
stituted amines and phenols. Thus trinitrophenol‘(aquo picric 
acid), in aqueous solution, is a fairly strong acid, and trinitro- 
aniline (ammono picric acid), dissolved in liquid ammonia, is 
an' excellent conductor of electricity. 

An ester is formed, in the water system, through the action 
of an acid on an alcohol, and by hydrolysis the ester may be 
reconverted into the original acid and alcohol, the reaction 
being reversible: 

RCOOH + R'OH *=± RCOOR' + H 2 0. 

Acid Alcohol Ester Water 

In the ammonia system the corresponding reagents and prod- 
ucts are amides, amines, substituted amides (ammono esters), 
and ammonia; and the process of reconverting the ammono 
ester into the ammono acid and amine is called ammonolysis : 

RCONH 2 + R'NH 2 RCONHR' + NH 3 . 

Acid Alcohol Ester Ammonia 

Urea is ammono carbonic acid in the same sense that acet- 
amide is ammono acetic acid, and Franklin and Stafford pre- 
pared potassium salts of urea, indicating that it actually displays 
acid properties.* Another ammono carbonic acid is cy anami de 
Calcium cyanamide as an ammono salt corresponds to the 
aquo salt calcium carbonate. Both of these salts may be made 

* Franklin and Stafford, Am. Chem. J., 28, 83 (1902). 
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from calcium carbide, one by treatment with oxygen and the 
other through the action of nitrogen at high temperatures: 

CaC 2 + 2 0 2 — *■ CaC0 3 + CO. 

CaC 2 + N 2 — CaCN 2 + C. 

When treated with steam, calcium ammono carbonate is hy- 
drolyzed to calcium aquo carbonate : 

CaCNs + 3 H 2 0 — >■ CaC0 3 + 2 NH 3 . 

At higher temperatures the reaction is reversed, the ordinary 
calcium carbonate being ammonolyzed : 

CaC0 3 + 2 NH 3 — CaCN 2 + 3 H 2 0. 

The corresponding derivatives of hydrogen sulfide are thio 
acids, thio bases, thio salts, thio alcohols, and so on. 

Reactions between the members of either of these series are 
not necessarily confined to the solvent from which they are 
derived ; but it is not always possible to carry out the same 
reaction in water, in ammonia, and in hydrogen sulfide. Thus 
acetic acid and potassium hydroxide form potassium acetate 
and water whether the solvent is water or liquid ammonia. 
Acetic acid and potassium amide yield potassium acetate and 
ammonia when the solvent is liquid ammonia. In water 
KNH 2 is rapidly hydrolyzed to KOH and NH 3 ; hence the re- 
actions in the two solvents are not comparable, and in liquid 
hydrogen sulfide these reagents are insoluble. 



THE CARBOHYDRATES 

From the standpoint of plant life the carbohydrates are the 
most important compounds in nature; for the major part of 
thejsolid matter in all plant tissues is made up of representa- 
tives of this group. Cellulose, starch, and sugar are typical 
carbohydrates. 

The name implies that these compounds are hydrates of 
carbon; it was, in fact, chosen to convey that idea. Sugars 
are now known, however, in which hydrogen and oxygen are 
not present in the same ratio as in water. Examples are rham- 
nose and fucose, each having the formula C6H12O5. /On the 
other hand, there are many compounds consisting of carbon, hy- 
drogen, and oxygen, with formulas of the type C n H2nO n , that 
are not related to the sugars and would never be classed as carbo- 
hydrates on the basis of physical or chemical properties. Exam- 
ples are formaldehyde, CH 2 0 ; acetic acid, C2H4O2 ; and lactic 
acid, C3H6O3. The term carbohydrate , therefore, is not a well- 
chosen name for the class of compounds comprising the sugars 
and starches. The simple sugars are polyhydric alcohols and 
they are also aldehydes or ketones. The more complex sugars 
and the starches and celluloses are condensation products of 
the simple sugars. The union of simple sugar molecules to form 
higher sugars and starches is accomplished through carbonyl 
groups, and, as a consequence, the condensation products may 
or may not display the properties of aldehydes or of ketones. 
They all possess alcoholic hydroxyl groups, and they are all 
converted into simple sugars by hydrolysis.y%e shall continue 
to classify the sugars, starches, and celluloses as carbohydrates, 
but we shall think of them not as hydrates of carbon but as 
aldehyde alcohols or ketone alcohols or compounds that, upon 
hydrolysis, yield aldehyde alcohols or ketone alcohols/ 
f The carbohydrates fall into two principal classes : ( 1 ) the 
crystalline, soluble, and sweet carbohydrates of comparatively 
low molecular weights known as sugars, and ( 2 ) the amor- 
phous, tasteless, and more or less insoluble bodies called cel- 
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Iuloses and starches. They are classified also as monosaccha- 
rides, disaccharides, and polysaccharides. The monosaccharides 
include the simple sugars, such as glucose and fructose, and all 
carbohydrates that cannot be hydrolyzed with the production 
of smaller units. The disaccharides, such as cane sugar, milk 
sugar, and maltose, are made up of two smaller carbohydrate 
molecules, and each polysaccharide is composed of more than 
two monosaccharide molecules. ) 

/Although the only important monosaccharides are the sugars 
having five or six carbon atoms in the molecule, representatives 
of the class are known with from three to ten carbon atoms. 
The names triose, tetrose, pentose, and so on are used to 
designate these subclasses. The terms aldose and ketose are 
used to distinguish the aldehyde alcohols from the ketone 
alcohols. Thus, if a monosaccharide is a ketone alcohol of six 
carbon atoms, it is called a ketohexose; an aldehyde alcohol 
of five carbon atoms is an aldopentose. / 

In order to ascertain the structure of a simple sugar, let us 
consider the following facts which apply to all aldohexoses : 

1. By analysis and molecular-weight determinations the com- 
pound is found to have the empirical formula C 6 H 12 O 6 . 

2. It is reduced by hydrogen iodide to normal hexane or to 

normal hexyl iodide. Therefore the six carbon atoms form a 
continuous chain, | | | | | | 

— c — c — c — c — c — c — 

1 ! I I I ! 

3. It forms an addition product with one and only one mole- 
cule of hydrogen cyanide. It forms an oxime with hydroxyl- 
amine and a hydrazone with phenylhydrazine. It therefore has 
one carbonyl group. It is either an aldehyde or a ketone. 

4. Gentle oxidation converts it into a monobasic acid having 
the same number of carbon atoms. At the same time the 
properties referred to in the last paragraph disappear. The 
sugar is, therefore, an aldehyde, and since the group CHO is 
univalent, the carbon atom in this group is terminal ; that is, 
it is at the end of the chain. 

5. The monobasic acid referred to in the last paragraph is oxi- 
dized by nitric acid to a dibasic acid (CeHioOs). The sugar 
has, therefore, a primary alcohol group, for, by oxidation, two 
carboxyl groups are formed without 'loss of carbon, and only 
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one aldehyde group is present in the unoxidized molecule. 
This CH 2 OH group, being univalent, must be terminal. We 
have then TT TT 


H — C — C — C — C — C — C=0 

I I I I I 

OH 


6. The sugar reacts with acetic anhydride or with acetyl 
chloride, forming a penta-acetyl derivative, indicating the 
presence of five hydroxyl groups. Stable compounds having 
two hydroxyl groups attached to the same carbon atom are 
exceedingly rare ; and the few that exist behave like aldehydes. 
The hexahydrie alcohol derived from an aldohexose, by reduc- 
tion, has no aldehydic properties. Hence we must conclude that 
only one hydroxyl group is attached to each of five carbon 
atoms, and the formula as determined up to this point is 

H H 

I I I I I. I 

H — C — C — C — C — C — C=0 

I I I I I 

, OH OH OH OH OH 

7. The empirical formula C 6 H 12 O 6 indicates that four other 
hydrogen atoms are present in the molecule, and it is obvious 
that they must be held by the four central carbon atoms. The 
formula, therefore, for any aldohexose must be 

CH 2 OH • CHOH • CHOH • CHOH • CHOH • CHO. 

There are four asymmetric carbon atoms, and sixteen stereo- 
isomeric compounds having this structure exist.* 

Mutarotation. A freshly prepared aqueous solution of hy- 
drated dextrose has a specific rotation of 113.4°, and a freshly 
prepared solution of the anhydrous sugar has a rotation of 19°. 

* Let n represent the number of asymmetric carbon atoms in a molecule, a the 
number of optically active forms, c the forms that are inactive owing to internal com- 
pensation, and r the racemic forms ; then (1) if the molecule cannot be divided into 
similar halves, a = 2 n ; c = 0 ,* (2) if n is even and the molecule forms similar halves, 

a = 2 n ~ l ; c = 2 2 ; (3) if n is odd and the formula yields similar halves by exclud- 

n— 1 n— 1 / \ 

ing the middle carbon atom, a = 2 n ” 1 — 22 ■ c = 2 2 . (r always equals J 
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Both solutions gradually change in rotatory power until the 
normal value (52.7°) is reached.* The phenomenon of change 
in this optical property is called mutarotation. It is displayed 
by all the hexoses. To account for it we assume that each 
hexose exists in three forms, two of these forms being ring struc- 
tures. In solution the three forms are in equilibrium with each 
other. Using the formula for d-glucose as an example, we have 


HC=0 

hAoh 

HoAh 

hAoh 

hAoh 

Ah 2 oh 

d-Glucose (aldehyde form) 


HC= 

hAoh 
hoAh 0 

I 

HCOH 

hA- 


-OH 


Ai 


IH 2 OH 

a-d-Glucose 


HOO== 

hAoh 

I 

ho6h o 
hAoh 
hA- 


-H 


A 


h 2 oh 

/S-d-Glucose 


Closing the ring by a shift in the position of a hydrogen 
atom, as indicated here, renders the aldehyde carbon atom 
asymmetric and makes possible thirty-two structures for the 
aldohexoses exclusive of the aldehyde forms. 

The ring structure is produced through a reaction between 
two groups in the same molecule, but only one alcoholic hy- 
droxyl group reacts with the carbonyl group, and the product 
formed is a semiacetal. (For the reaction in which an ordinary 
acetal is formed from an aldehyde and an alcohol see page 81.) 
The two semiacetals derived from an aldose or a ketose are 


* The specific rotation of a compound, [a] D , is the angle of rotation of plane 
polarized light of wave length corresponding to the yellow sodium line in the solar 
spectrum when it traverses 10 cm. of a solution of the compound at 20. C., the 
concentration of the solution being one gram of the solute per cubic centimeter of 
solution. Such a concentration cannot ordinarily be obtained, but the theoretical 
rotation under such conditions may be calculated from observations of the rotation 
produced in any solution of known concentration. 


In this equation a is the observed rotation (deg.), » the volume of solution (cc.), 
I the length of the column (dm.), and w the weight of the dissolved substance (g.). 
For optically active liquids, 

In this case d is the density of the liquid * 
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referred to as a and /3 forms of the sugar. They are isomeric 
forms, but they are not mirror images of each other. The 
semiacetal having the highest positive rotation is referred to as 
the a compound. 

If the three forms exist in equilibrium, it is obvious that glu- 
cose or any other aldose can act as if it were an aldehyde, but 
its activity as an aldehyde must depend upon the rate of trans- 
formation of the a and /3 modifications into the aldehyde form. 

For many years the a- and /3-sugars and the glucosides * 
derived from them were represented as butylene oxides 
( 7 -semiacetals). There is evidence now that in the ordinary 
forms of dextrose, galactose, and some other sugars ring 
closure is effected through the 5-carbon atom.f 

7 -Sugars. Some of the simple sugars and glucosides exist in 
forms that are not accounted for by assuming the existence of 
a and /3 isomers. They are additional isomers in which the semi- 
acetal ring is formed through hydroxyl groups in other posi- 
tions. They are designated 7 -sugars. The term is not used to 
imply that the 7 -carbon atom is engaged in the ring formation, 
although this is often the case. The 7 -sugars are very reactive 
compounds. They have not been isolated in the free state, but 
ethers and esters derived from them are well known. 

Osazones. The monosaccharides react with phenylhydrazine, 
forming crystalline derivatives called osazones. The first step 
in the process is the production of a hydrazone : 


ch 2 oh 

1 

CH 2 0H 

1 

CHOH 

1 

CHOH 

1 

CHOH C 6 H 5 NHNH 2 

CHOH 

| 

CHOH 

1 

CHOH 

CHOH 

| 

CHOH 

1 

CHO 

CH=N— 


+ H 2 0. 


NH— C 6 H 5 


* A compound which is susceptible to hydrolysis and which yields a sugar as 
one of the hydrolysis products is called a glucoside . 

f For discussions concerning these structures see W. N. Haworth, J. V. Leach, 
and C. W. Long, J . Chem. Soc 1927, 3146; W. N. Haworth, E. L. Hirst, and 
D. I. Jones, J. Chem. Soc., 1927, 2428 ; J. C. Irvine, Chem . Rev., 4, 203 (1927) ; J. C. 
Irvine, J. Chem. Soc., 1923, 898 ; William Charlton, W. N. Haworth, and Stanley 
Pe|t', J. Chem. Soc., 1926, 89; C. S. Hudson, J. Am. Chem. Soc., 32, 338 (1910). 
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In the presence of an excess of the reagent, two atoms of 
hydrogen are removed from the carbon atom adjacent to the 
hydrazine group. A ketohydrazone is formed, and one molecule 
of phenylhydrazine is reduced to aniline and ammonia : 


ch 2 oh 
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ch 2 oh 

CHOH 

I 


CHOH 

| 

CHOH 

1 

c 6 h 5 nhnh 2 

____ V 

CHOH 

CHOH 


CHOH 

CHOH 

I 


<i=o 

CH=N- 

-NH— C 6 H 5 

| 

CH=N- 


+ C 6 H 5 NH 2 + NH 3 . 


A third molecule of phenylhydrazine then acts upon .this 
ketone, with the production of a yellow crystalline osazone: 


CH 2 OH 

I 


ch 2 oh 

CHOH 


1 

CHOH 

1 

| 

CHOH 

1 

CHOH 

C 6 HsNHNH 2 

^ 

CHOH 

1 +H 2 0. 

CHOH 

I 

i=o 

| 


C=N — NH — C 6 H 5 

1 

CH=N- 

-NH— C 6 H 5 

CH=N— NH— C 6 H 5 


Further reduction of the compound cannot be accomplished by 
means of phenylhydrazine. The colors, crystal forms, and 
melting points of the osazones afford very satisfactory means 
of identifying the sugars. 


CONFIGURATIONS OF THE MONOSACCHARIDES 

An accurate and complete structural formula of a mono- 
saccharide must show how the groups are arranged in space 
around each asymmetric atom. In order to assign definite posi- 
tions to the atoms and groups in the hexose molecules we must 
first obtain the structures of the simpler pentoses. 

The pentoses. The molecular formula for any pentose is 
C5H10O5. As in the case of the hexoses these sugars are aldehyde 
alcohols or ketone alcohols, capable of being reduced to normal 
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hydrocarbons. Acetyl chloride reacts with them to form tetra- 
acetyl derivatives. Hydrocyanic acid, hydroxylamine, and 
phenylhydrazine form cyanhydrins, oximes, and osazones, re- 
spectively, with the pentoses, just as they do with the hexoses. 
They have the structures 


CH 2 OH 

1 

CH 2 OH 

I 



CHOH 

CHOH 

I 



| 

CHOH 

1 

and CHOH 



CHOH 

1 

i=o 

| 



CHO 

Aldopentose 

ch 2 oh 

Ketopentose 


There are eight isomeric aldopentoses and four ketopentoses 
corresponding to these structures. Half of them are dextro- 
rotatory ; the others are laevorotatory. The aldopentoses exist 
in four pairs and the ketopentoses in two pairs, each pair con- 
sisting of sugars having identical properties, except with respect 
to the rotation of the plane of polarization of light, and differ- 
ing in this respect only in the sign of the angle of rotation. 
According to the structure theory four, and only four, such 
pairs can exist for the aldopentoses, as follows : 

ch 2 oh 

CH 2 OH 

ch 2 oh 

ch 2 oh 

1 

HOCH 
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HCOH 
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HOCH 
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HCOH 
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HOCH 

| 

HCOH 
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HOCH 

| 

HCOH 

| 

HOCH 

| 

HCOH 

| 

HCOH 

| 

HOCH 

| 
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i 

| 
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n 
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in 

| 

CHO 
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CH 2 OH 

CH 2 OH 

CH 2 OH 
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HCOH 

I 

HOCH 

1 

HCOH 

1 

HOCH 

| 

HOCH 

| 

HCOH 

1 

HOCH 

HCOH 

| 

HCOH 

| 

HOCH 

1 

HOCH 

| 

HCOH 

| 

CHO 

V 

| 

CHO 

VI 

CHO 

VII 

| 

CHO 
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The eight aldopentoses are known as d- and Z-ribose, d- and 
Z-xylose, d- and Z-arabinose, and d- and Z-lyxose. It is beyond the 
scope of this course to consider the evidences that may ulti- 
mately enable us to specify the member of each pair that is 
dextrorotatory. We shall undertake merely to determine which 
pair of formulas should be assigned to the two arabinoses and 
which to the riboses, and so on. To simplify the procedure 
we shall keep in mind only one structure from each pair, — say, 
formulas I, III, V, and VII. 

Arabinose and ribose react with phenylhydrazine to yield 
the same osazone. In forming an osazone from any aldehyde 
alcohol or ketone alcohol only the carbon atom of the carbonyl 
group and one adjacent to it become attached to phenylhydra- 
zine residues. Hence arabinose and ribose differ from each 
other only in the orientation of the groups attached to the 
carbon atom next to the aldehyde group. They are, therefore, 
either I and III or V and VII. 

On oxidation, arabinose and lyxose yield trihydroxyglutaric 
acids which are optically active; ribose and xylose yield in- 
active trihydroxyglutaric acids. The acids derived from I and 
V are inactive on account of intramolecular compensation (see 
page 130), whereas the acids derived from III and VII are active : 
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I 

HOCH 
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Then arabinose and lyxose are represented by formulas III 
and VII, but it still remains to be determined which of the two 
structures should be assigned to either of them. Similarly, 
ribose is I or V, and xylose is either I or V. 

The question as to whether arabinose is III or VII is settled 
by treating arabinose with hydrogen cyanide, hydrolyzing the 
cyanhydrin, and oxidizing the resulting product to a dibasic acid. 
Under this treatment arabinose yields two different (isomeric) 
optically active dicarboxylic acids. Lyxose under similar treat- 
ment yields one active and one inactive dicarboxylic acid, 
m vn 
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Arabinose is thus proved to have formula III and lyxose VII. 
It follows from this conclusion that ribose is I, for arabinose 
and ribose yield the same osazone. It follows also that xylose 
is V, for lyxose and xylose form identical osazones. 

Hexoses. The sixteen possible stereochemical formulas of the 


aldohexoses are given in the following table : 
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ch 2 oh 
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Formulas IX to XVI are mirror images of formulas I to VIII. 
We may, therefore, confine our attention to the first eight. 

By means of the cyanhydrin synthesis* the carbon chain 
in an aldose may be lengthened. Hydrocyanic acid forms an 
addition product with the aldehyde, thus introducing a new 
carbon atom, and at the same time rendering the carbon atom 
of the original aldehyde group asymmetric. The cyanhydrin 
thus formed is hydrolyzed to produce the corresponding acid. 
The 7 - and <5-hydroxy acids form lactones which can be re- 
duced to aldehydes by treatment with sodium amalgam and 
dilute sulfuric acid. The presence of sulfuric acid prevents the 
neutralization of the carboxyl group and favors lactone forma- 
tion. Salts of these acids are not reduced to aldehydes. Free 
carboxylic acids that are not able to pass into the lactone form 
likewise resist the action of sodium amalgam. 

By the cyanhydrin synthesis arabinose is converted into a 
mixture of glucose and mannose : 


CH 2 OH 

ch 2 oh 

ch 2 oh 

HOCH 

HOCH 

HOCH 

| 

HOCH 

| 

-*• HOCH 

| 

and HOCH 

| 

HCOH 

HCOH 

1 

| 

HCOH 

CHO 

HOCH 

HCOH 


| 

CHO 

CHO 

Arabinose 

IV 

V 

* Kiliani, Ber., 

18, 3066 (1885 ) ; ibid. 

19, 221 (1886). 
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Glucose is, therefore, either IV or V, and mannose is the other 
member of this pair. 

Glucose and gulose, when oxidized, yield the same dicar- 
boxylic acid. Hence it is evident that a transposition of the 
aldehyde and primary alcohol groups in glucose would result 
in the formation of gulose. Transposing these groups in for- 
mula V would not change the structure of the molecule. The 
same transposition in IV would produce a different sugar. 
Formula IV, therefore, must be assigned to glucose, and V rep- 
resents the structure of mannose. 

Glucose and gulose yield the same dicarboxylic acid on oxi- 
dation. Gulose, therefore, has the structure represented by 
formula III. 

Idose and gulose yield the same osazone. This relationship 
indicates that they differ only in the asymmetry of the carbon 
next to the carbonyl group. We have proved that gulose has 
formula III ; hence idose has formula VIII. 

Galactose, an aldohexose obtained from the hydrolysis prod- 
ucts of milk sugar, yields optically inactive products when 
oxidized to a dicarboxylic acid or reduced to a hexahydric 
alcohol. Of the four structures still unassigned only I and VII 
would be converted into inactive products by making the ter- 
minal groups alike. Galactose, therefore, is I or VII. 

By introducing an additional carbon atom into the galactose 
molecule by means of hydrocyanic acid, hydrolyzing the cyan- 
hydrin, and oxidizing this product, we obtain two active di- 
carboxylic acids (pentahydroxypimelie acids). Formula I gives 


rise to one active and one inactive product : 
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Ffom VII two active products are obtained, as indicated below : 
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The galactose formula, therefore, is VII ; and since galactose 
and talose yield the same osazone, talose must have formula VI. 

By the cyanhydrin synthesis d-ribose yields two hexoses hav- 
ing formulas I and II. They are called d-allose and d-altrose 
respectively. Altrose and talose, when oxidized, yield the same 
dicarboxylic acid. Altrose, therefore, corresponds to formula II, 
and allose is represented by formula I. 

Assuming that formulas I to VIII represent the dextro- 
rotatory forms of the sugars, their mirror images (IX to XVI) 
must be assigned to the corresponding laevorotatory com- 
pounds. We shall not undertake to determine which formula 
in each pair actually belongs to the dextrorotatory compound. 

The ketoses are readily converted into derivatives of the 
aldoses. By identifying these derivatives of known structure,, 
the configurations of the ketoses may be ascertained. For 
example, glucose and fructose yield the same osazone. The 
two sugars are alike in structure, therefore, with the exception 
of the grouping around the carbonyl carbon atom and one ad- 
jacent to it. In the aldose the carbonyl group is terminal. 
This, in connection with the fact that glucose and fructose 
yield identical osazones, proves that the carbonyl group in 
fructose is adjacent to the terminal carbon. With the glucose 
structure known, and the identity of the osazones of glucose 
and fructose established, the formula of fructose may be 
written as follows: 
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Sorbose, gulose, and idose yield the same osazone, indicat- 
ing that d-sorbose and Z-sorbose must be represented by the 
structures R CH 2 0H 

I I 

HCOH HOCH 
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Emil Fischer divided the simple sugars into two general 
classes : (1) those possessing structures similar to the structure 
of dextr oglucose and (2) those genetically related to Za?wglucose.* 
The first group is referred to as the d series, and the second is 
the Z series. Two sugars are said to be genetically related if on 
oxidation they yield the same dibasic acid or if on treatment 
with phenylhydrazine they yield the same osazone, but these 
reactions are not the only criteria for placing a sugar in a 
particular series. Any compound is genetically related to its 
derivatives and to the compounds from which it can be made. 
Dextrose is a dextrorotatory aldose, and laevulose is a lsevo- 
rotatory ketose ; but they react with phenylhydrazine to form 
identical osazones. The structures of the two sugars are alike 
in so far as the asymmetric groups are concerned, and the 
official name of the laevorotatory ketose is cZ-fructose. From 

♦Fischer, Ber., 24, 1836, 2683 (1891) ; ibid., 27, 3208 (1894). 
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d-glucose we obtain by oxidation cZ-gluconic acid and d-saccharic 
acid, and from Z-glucose we obtain, in the same way, Z-gluconic 
acid and Z-saccharic acid. In these names, d and Z have no 
reference to optical activity. They merely indicate structural 
relationships to d-glucose and Z-glucose respectively. 

It is unfortunate that the same symbols have been chosen to 
represent entirely different things. Many plans have been 
made to change this condition, but it is difficult to modify an 
established custom. Rosanoff proposed the use of the Greek 
letters 5 and X to designate the two series of sugars and their 
derivatives so that the English letters d and Z could be used 
exclusively to indicate the optical properties of the compounds.* 
According to his plan the sugar we now call d-fruetose would be 
called Z-5-fructose, the Z denoting Isevorotation and the 5 indi- 
cating a structural relationship to dextroglucose. Others advise 
the use of the letters d and Z to indicate structural relationships 
and the use of the words dextro and Isevo to indicate directions 
of optical rotation. 

Dextrose ( d-glucose or grape sugar), a colorless, crystalline 
sugar, is present in most fruits, either in the free state or as a 
constituent of polysaccharides. It is obtained with an equiva- 
lent amount of d-fructose when cane sugar is hydrolyzed. It is 
the ultimate hydrolysis product of starch and glycogen. It is 
made from corn starch in enormous quantities for use in sirups 
and in confections. Dextrose crystallizes from water in hexag- 
onal plates, containing one molecule of water and melting at 
86°. From alcohol it crystallizes in anhydrous needles, melting 
at 146°. It is dextrorotatory ([a] D = + 52.7°). The a and /3 forms 
of this sugar have been described (see page 150). 

Dextrose reduces an alkaline solution of copper sulfate, 
Fehling’s solution,! yielding a precipitate of cuprous oxide. 

* Rosanoff, J. Am. Chem. S'oc., 28, 114 (1906). See also Willaman and Morrow, 
J. Am. Chem. Soc., 45, 1273 (1923). 

t Fehling’s solution is prepared as follows : 


Solution A : Grams 

Water 1000 

Copper sulfate (hydrated) 69.3 

Solution B : 

Water 1000 

Potassium hydroxide 250 

Sodium potassium tartrate 346 


For use mix equal volumes of A and B. In the presence of tartrate ions copper is 
not precipitated by the alkali. An aldehyde reduces the copper from the cupric to 
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Glucose reacts with methyl alcohol in the presence of hydro- 
gen chloride, forming two stable isomeric glucosides. These 
compounds have no aldehydic properties. 
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Lsevulose ( d-fructose or fruit sugar) occurs combined with 
d-glucose in cane and beet sugar, and exists in the free state 
mixed with glucose and other substances in honey. It is the 
sole product obtained when inulin, a starchlike polysaccharide 
found in many plants, is hydrolyzed. It crystallizes in rhombic 
needles, melting at 104°. It is lsevorotatory ([a] fl = — 93°). 

Like glucose, fructose has the empirical formula C6H 12 0 6 . 
It yields a penta-acetyl derivative, an oxime, and an osazone. 
The latter is identical with the product formed by the action 
of (f-glucose on phenylhydrazine. Hence the structure of d- 
fructose differs from that of dextrose only in the orientation 
of groups attached to terminal and penultimate carbon atoms. 
Unlike glucose, it fails to yield an acid with the same carbon 
content when oxidized, but gives rise to two acids of lower 
molecular weight, namely, glycolic acid and trihydroxybutyric 
acid. It is therefore a ketone having the formula 

CH 2 0H • CHOH • CHOH • CHOH • CO • CH 2 OH. 

d-Mannose, C6Hi 2 0 6 , is a constituent of a great variety of 
glucosides, but apparently does not exist in the free state as a 
natural product. It resembles glucose in general physical and 
chemical properties. With phenylhydrazine it yields a yellow 

the cuprous state. Cuprous oxide, CU2O, is precipitated. (Under some circum- 
stances metallic copper is deposited on the walls of the vessel.) The aldehyde is 
oxidized to an acid. Other oxidation products are sometimes formed. 

The quantity of cuprous oxide formed through the action of one mole of alde- 
hyde depends upon the nature of the aldehyde, the temperature, and the time of 
heating. 
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crystalline osazone, identical with the osazones from glucose 
and fructose. It is an aldose differing from d-glueose only in 
the orientation of the hydrogen and hydroxyl groups attached 
to the a-carbon atom (that is, the carbon atom next to the 
aldehyde group). Mannose is an amorphous, colorless solid. It 
dissolves readily in water. 

d-Galactose, C 6 Hi 2 06 , is obtained, with an equal amount of 
d-glucose, by hydrolyzing milk sugar. It is an aldohexose, 
dextrorotatory, and fermentable, under the influence of an 
enzyme occurring in some yeasts. Nitric acid converts it into 
mucic acid, COOH - (CHOH ) 4 • COOH. 

Galactose is produced in sugar beets under unfavorable con- 
ditions of growth. It combines with sucrose in the beet, form- 
ing a trisaccharide, raffinose. Drought, frost, or any other factor 
that disturbs the normal development of the plant increases 
the yield of raffinose. 

Galactose crystals melt at 168 °. The sugar is strongly dextro- 
rotatory (Mb = -f 81 . 5 °). 

THE DISACCHARIDES 

The most important disaccharides have the empirical formula 
C12H22O11 and yield hexoses when hydrolyzed: 

C12H22O11 + H2O — y C6H12O6 + C6H12O6. 

The two hexose molecules may be alike or different. 

Sucrose, C12H22O11, commonly called cane sugar, is obtained 
from sugar beets and from cane. It is present in considerable 
quantities in the sap of many trees, including palms, birches, 
and the sugar maple. Flowers (the sources of honey) and ripe 
fruits are also natural repositories of this sugar. 

An enzyme, invertase, found in many yeasts and molds, 
catalyzes the hydrolysis of sucrose, the hydrolytic cleavage 
producing dextrose and lasvulose in equal amounts. The equi- 
molecular mixture of dextrose and laevulose (derived from 
dextrorotatory cane sugar) is Isevorotatory, and on account of 
the change in the direction of rotation, the mixture is often called 
invert sugar. Dextrose and kevulose are both fermentable, the 
change being induced by enzymes found in yeast : 

C 6 Hi 2 0 6 —*■ 2 C 2 H 5 OH + 2 C0 2 . 
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Sucrose does not respond to tests for the carbonyl group. 
The aldehyde group in glucose and the ketone group in fructose 
are altered in the establishment of the bond between these 
simple sugars in the sucrose molecule. Haworth has proposed 
the following formula for sucrose : 


CHoOH CH 2 OH 



As shown in this formula the semiacetal rings are formed 
through carbon atoms 1 and 5 in the d-glueose unit and through 
carbon atoms 2 and 5 in the d-fruetose half of the molecule. 
These positions were assigned by Haworth after the hydroxyl 
groups in sucrose had been methylated, the product hydrolyzed, 
and the structures of the methylated hydrolysis products had 
been established.* 

Hudson cl aims that the ring structures in the sugars often 
change during the process of methylation and that Haworth’s 
method of determi nin g the constitution of a disaccharide is un- 
reliable. From a study of relationships between the structures 
of the semiacetals and their optical activities, Hudson concludes 
that sucrose has the following configuration : f 


CH 2 OH CH 2 OH 



* Haworth, Hirst, and Miller, J . Chem. Soc., 1929, 2469. 
t Hudson, J. Am. Chem. Soc., 52, 1707 (1930). 
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Cane sugar is not oxidized by Fehling’s solution, and it fails 
to form an osazone when treated with phenylhydrazine. Sucrose 
is easily hydrolyzed by hot dilute acid solution but is not at- 
tacked by dilute alkalies. In this respect it resembles ordinary 
acetals. The specific rotation of cane sugar is + 66.5°. 

Sugar obtained from beets, when pure, is identical with pure 
cane sugar, and the commercial product from either source 
should contain less than 1 per cent of impurities. The foreign 
matter retained by sugar crystals varies in character with the 
source. It is possible, therefore, to distinguish between crude 
specimens of cane and beet sugar by identifying the impurities, 
but impossible to detect any difference between pure samples 
from the two sources. 

In the manufacture of sugar from beets care is exercised to 
avoid unnecessary rupturing of the cell walls. The beets are 
not crushed and pressed, but the sucrose is allowed to diffuse 
out of the cells of the plant tissue into water, leaving in the 
extracted pulp large quantities of less diffusible bitter sub- 
stances that would contaminate the product if the juice were 
expressed from the ground or crushed material. 

The beets are cleaned by scrubbing them in warm water. They are then 
conveyed to automatic scales, weighed, and transferred to the slicer, a mill 
provided with rotating blades that cut the beets in long, slender strips called 
cossettes. These are conveyed to the diffusion battery, which consists of 
twelve or more steel tanks (cells of the battery), each having a capacity of 
two or three tons of cossettes. A stream of hot water enters at the top of one 
tank, passes down through the pulp, and is forced up through a heating tube 
to the top of the second cell, and so on. The solution passes from one unit 
of the battery to another, finally emerging with a sugar content almost 
equal to that in the tissue fluids of freshly cut cossettes. The process is 
continuous. Fresh water is delivered to the tank that contains pulp, from 
which the sugar has been almost completely removed, and as it passes 
through the battery it encounters, in each succeeding cell, pulp that is 
richer in sugar until it finally passes through a tank containing cossettes 
just received from the slicer. There are always two cells of the battery 
out of the diffusion circuit. From one the waste pulp is being discharged, 
while the other is being filled with new material. The sugar solution 
as drawn from the diffusion battery is dark in color. It is clarified by 
the addition of milk of lime, Ca(OH)2, and subsequent precipitation of 
the calcium as carbonate by treatment with carbon dioxide. Colloidal 
substances suspended in the aqueous extract are mechanically carried down 
with the precipitate and removed from the juice by filtration. Further 
purification is effected by treating the solution with sulfur dioxide and 
again filtering. To avoid hydrolysis of the sugar, complete neutralization 
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of the calcium hydroxide by sulfurous acid is carefully avoided. The 
clarified juice is evaporated under reduced pressure, until the sugar crys- 
tallizes, and the mother liquor is then removed by means of centrifugal 
filters. The sugar is dried in rotating tubes, five or six feet in diameter 
and twenty feet long, through which it is made to travel against a counter- 
current of hot air. 

The sugar content of a solution is estimated by a determination of its 
optical rotation. Sucrose is strongly dextrorotatory (Md = 66.5°). Opti- 
cally active proteins are present in the juice obtained from beets, and these 
have to be removed before the analysis is made. The proteins are precipi- 
tated and the solution is rendered optically clear by treatment with lead 
acetate. To estimate sucrose in the presence of glucose or any other monose, 
the optical rotation of the mixture is measured, and the solution is then boiled 
with hydrochloric acid to hydrolyze the disaccharide, and returned to the 
polarimeter for a second reading. From the change in the angle of rotation 
caused by substitution of invert sugar for sucrose, the quantity of the latter 
in the original mixture may be calculated. 

Maltose. Under the influence of an enzyme known as diastase, 
which is present in sprouting barley, starch is hydrolyzed to 
maltose ; and maltose is hydrolyzed to glucose by an enzyme, 
maltase, found in most yeasts. Both of these ferments are 
present in the fluids of the alimentary canal. Ordinary yeast 
contains the enzymes necessary to cause the fermentation of 
maltose. The fermentation products are ethyl alcohol and 
carbon dioxide. Maltose crystallizes from alcohol in an an- 
hydrous form, and from aqueous solutions it crystallizes with 
one molecule of water. The needle-like crystals of the com- 
mercial product correspond to the formula C12H22O11 - H2O. 

Maltose forms an osazone with phenylhydrazine and it 
reduces Fehling’s solution, indicating the presence of a car- 
bonyl group. Only one aldehyde group is involved in the 
union of two glucose molecules when they combine to form 
maltose. 

Lactose, C12H22O11, is obtained from milk. The fat is sepa- 
rated from milk for the manufacture of butter, and the casein 
is precipitated by an enzyme, rennet, and is used in making 
cheese. Lactose, or milk sugar, remains in the whey, from which 
it may be obtained by evaporating the latter to a small volume. 
The crystals of lactose are hard and they dissolve slowly. The 
solution is dextrorotatory. Lactose is not as sweet as cane 
sugar. It forms an osazone and reduces Fehling's solution and 
an ammoniacal silver solution. On hydrolysis lactose yields 
d-glucose and d-galactose. 
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Lactose is used in the preparation of mucic acid, which is 
derived from the galactose half of the molecule by oxidation 
with nitric acid. 

An enzyme produced by the lactic acid bacillus converts 
lactose into a-hydroxypropionic acid, CH 3 • CHOH • COOH, 
commonly called lactic acid. This transformation, known as 
lactic fermentation, is the cause of the souring of milk. Ordi- 
nary yeast does not cause fermentation in a solution of lactose. 

POLYSACCHARIDES 

Starch, inulin, glycogen, and cellulose are typical polysac- 
charides. They are amorphous carbohydrates of high mo- 
lecular weight, and they are almost tasteless. On hydrolysis 
they yield hexoses. Although many members of this group are 
fairly soluble in water, they do not produce appreciable lower- 
ings in the vapor pressure of the solvent. It is impossible, 
therefore, to determine their molecular weights, but the values 
must be very high. A polysaccharide is made up of n hexose 
molecules less n — 1 molecules of water ; and if n is large, the 
composition of the compound approaches the value expressed 
by the empirical formula (CeHioOs)*. 

Starch, (C6Hio 0 5 )», is present in large quantities in all plants. 
It is especially abundant in potatoes and other tubers, and in 
wheat, com, rice, and other cereals. It occurs in the form 
of granules, and each source of starch yields granules of charac- 
teristic form. By microscopic examination of starch it is often 
possible to determine its origin. 

When heated, starch is partly converted into polysaccharides 
of lower molecular weight, known as dextrins. When boiled 
with dilute acids, it is hydrolyzed to glucose. The enzyme 
diastase acts upon a suspension of starch in water, hydrolyzing 
the starch to maltose and isomaltose. In cold water starch is 
only slightly soluble. In hot water the granules swell, forming 
a paste. A highly dispersed suspension of starch particles (col- 
loidal solution) is obtained by boiling starch with water. Starch 
paste is used as an indicator for free iodine. A deep blue color 
is produced when starch absorbs iodine. In the process of diges- 
tion starch is converted into glucose. 

Formaldehyde has been condensed to acrose, a sugar iso- 
meric with glucose, and since starch is a polymer of glucose, 
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it has been suggested that starch is formed in plant tissue by 
a condensation of this type. Carbon dioxide taken into the 
plant through the leaves, and water entering by way of the 
roots, furnish the components from which formaldehyde may 
be made : C o 2 + Hjs0 HCH0 + o 2 . 

The theory that formaldehyde is formed in the plant as the 
starting point in the synthesis of starches and sugars was first 
advanced by Baeyer.* The theory has been supported by 
many investigators, including Usher and Priestly, f Baly,J 
Moore and Webster, § and others. In the absence of a catalyst 
formaldehyde is not obtained when carbon dioxide and water 
are exposed to sunlight or ultraviolet light. || In the presence 
of certain contact agents the photochemical reduction of carbon 
dioxide occurs, but the mechanism of the reaction is still ob- 
scure. IT There is no positive proof that formaldehyde is actually 
an intermediate in the synthesis of starch in plants. 

Glycogen, (CeHioOs),,, a white, amorphous substance, con- 
stitutes the reserve supply of carbohydrate in the animal 
organism. It occurs primarily in the liver, but is present also 
in all muscular tissue. The energy change involved in the 
oxidation of carbohydrates contributes largely to the main- 
tenance of the body temperature and to the development of 
muscular activity. Glycogen is hydrolyzed to glucose as rapidly 
as the latter disappears from the blood. After a meal rich in 
carbohydrates, glucose reaches the blood stream more rapidly 
than it is required in the oxidation processes of the tissues; 
and by a reversal of the hydrolysis process it is converted 
into glycogen, which is stored in the liver and elsewhere. 

Glycogen acquires a red color when treated with iodine. 

Inulin, (CeHioOs)*, resembles starch in many respects, but 
differs from it in being fairly soluble in water and in producing 
no color with iodine. Inulin is found in many plants. Arti- 
chokes, dahlia tubers, and chicory roots are especially pro- 
ductive of this polysaccharide. It is hydrolyzed very rapidly 
when boiled with a dilute acid and yields d-fructose only. 

* Baeyer, Ber., 3, 63 (1870). 

t Usher and Priestly, Proc. Boy. Soc., 84, B, 101 (1911). 

$ Baly, Heilbron, and Barker, Trans. Chem. Soc., 119, 1025 (1921). 

§ Moore and Webster, Proc. Roy . Soc., 90, B, 168 (1918). 

|| Porter and Ramsperger, J. Am. Chem. Soc., 47, 79 (1925). 

*I[ Baly and Davies, Proc. Roy. Soc., 116, 219 (1927). 
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Cellulose constitutes the principal building material of the 
cell walls in plants. It is associated with lignin, a compound 
of unknown structure found in the bark and wood of all trees. 
Cotton, linen, and paper are composed of cellulose. Ashless 
filter paper is pure cellulose. On hydrolysis the cellulose de- 
rived from nearly all plants yields cellobiose, a disaccharide 
similar to maltose. This, in turn, is converted into glucose. 
Cellulose derived from coffee beans and from a few other 
sources yields d-mannose. Cellulose is of great technical im- 
portance. The uses of cotton, linen, and paper are almost num- 
berless, and in addition to its uses in an unaltered state it is 
the source of such preparations as nitrocellulose, guncotton, 
collodion, and artificial silk. 

Rayon. Several commercial processes have been developed 
for the manufacture of rayon, or artificial silk. In the viscose 
process cotton or wood pulp is warmed with a concentrated 
solution of sodium hydroxide to form a compound (or a mixture 
of several compounds) known as alkali cellulose. This product 
is converted into sodium cellulose xanthate, or viscose, by treat- 
ment with carbon disulfide vapor.* Viscose is an amber- 
colored, transparent substance. After proper aging it is forced 
through fine holes into an acid solution, and cellulose xanthic 
acid is produced in the form of fine threads. This loses carbon 
disulfide, regenerating cellulose without change in form. A fine, 
glossy thread of cellulose is obtained. 

Cellophane is made by forcing viscose through a narrow slit 
into a dilute acid. 

* An alcoholate reacts with carbon disulfide, forming a xanthate : 

yS /SNa 

+ CsHsONa >- C==S 

\OC2H5 

Carbon disulfide Sodium ethylate Sodium xanthate 

The compound formed from alkali cellulose and carbon disulfide is probably a 
xanthate of this type with a cellulose radical in the place of the ethoxy group. The 
sodium is replaced by hydrogen when the viscose enters the acid bath. 
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A chemical substance derived from a living cell and capable 
of changing the rate of a chemical reaction by contact with the 
reagents is called an enzyme. The enzyme itself is not destroyed 
in the reaction which it accelerates. It is an organic catalyst. 
In displaying more or less specificity of action enzymes differ, 
in degree at least, from inorganic catalysts. For example, an 
enzyme that causes the fermentation of d-glucose will not pro- 
duce a similar change in the isomeric Z-glueose. This fact led 
Fischer to assume that there must be a definite relationship 
between the molecular structure of the enzyme and that of the 
substance upon which it acts. He made the idea more definite 
by comparing the substrate to a lock and the enzyme that acts 
upon it to a key that has the proper configuration to turn the 
lock. Bayliss thinks this analogy has been overworked and 
claims that not all enzymes are specific in their catalytic effects. 

Enzymes act only at moderate temperatures. At zero they 
are inactive, but the activity is restored when the solution 
is warmed. They are permanently destroyed by temperatures 
approaching 100° C . 

One of the first cases of enzyme action to be carefully studied 
was that of the production of alcohol from sugar, through fer- 
mentation induced by yeast. Pasteur believed that fermenta- 
tion was a result of physiological processes in the living yeast cell. 
He assumed that sugar was a food for the living organism and 
alcohol a product of carbohydrate metabolism within the cell. 
The production of alcohol was due, therefore, to certain biologi- 
cal functions of living microorganisms. This theory of fermen- 
tation was accepted until Buchner's classical experiment (1897) 
indicated a different cause for the process. Buchner tritu- 
rated yeast with sand until all cell walls were ruptured. He 
extracted the mass with water and forced the solution through 
an unglazed porcelain filter. The filtrate was an optically clear 
solution containing no living cells. Incubation under optimum 
conditions of temperature and nutriment produced no sign 
of life. Yet this sterile solution of substances extracted from 
the living cells was found to be as potent as the yeast plant 
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itself in causing alcoholic fermentation of glucose. The decom- 
position of glucose into alcohol and carbon dioxide is accom- 
plished under the influence of an unorganized ferment — a 
chemical compound — derived from the yeast cells. Buchner 
called this substance zymase. It is a typical enzyme. Yeast 
produces another enzyme, invertase, which catalyzes the hy- 
drolysis of cane sugar. Zymase operates only on the invert 
sugar (d-glucose and d-fructose). 

If it were not removed from the field of action, a very small 
quantity of an enzyme would be sufficient to change an unlim- 
ited amount of the substrate. Loss of a catalyst may be due 
to side reactions in which it is directly involved as a reagent, 
or the catalyst may be mechanically carried out of the mixture 
by adsorption on the surfaces of products formed in the main 
reaction. Invertase in a solution of cane sugar remains active 
until more than 200,000 times its own weight of sucrose has 
been hydrolyzed, and rennet is said to precipitate from milk 
as much as 400,000 times its weight of casein. 

There are obstacles in the way of securing unambiguous re- 
sults in the study of enzyme action. For example, we cannot 
be sure that anyone has succeeded, as yet, in isolating a 
chemically pure specimen of an enzyme. The ordinary criteria 
of purity cannot be applied to enzymes. They do not crys- 
tallize and they decompose below their melting points. Their 
molecular weights are unknown, for, like other colloids, they 
produce very slight depressions of freezing points and very 
low osmotic pressures, these values being very little greater 
than the effects that might be attributed to impurities in the 
samples. Pepsin and trypsin are typical protein-splitting en- 
zymes of the alimentary tract. They respond to the ordinary 
tests for proteins, but the observed protein reactions may be 
due to adsorbed foreign substances. Similarly, invertase, an 
enzyme that acts upon sucrose, responds to tests for carbo- 
hydrates; but that does not justify the conclusion that pure 
invertase is itself a carbohydrate. Attempts to purify an en- 
zyme often result in reducing its activity as a catalyst. This 
may be due to removal of a co-enzyme — a substance that 
works with the enzyme or establishes optimum conditions for 
its active operation. Pepsin, for instance, is inactive in the 
absence of hydrochloric acid; and the fat-splitting enzyme, 
lipase, of the liver is active only in the presence of bile. 
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Enzymes are obtained from many sources. Some are found 
in solution in the body fluids ; as, for example, ptyalin in saliva, 
pepsin in gastric juice, and trypsin in pancreatic juice. Others 
have to be extracted with water or any suitable! solvent from 
ground cells. Invertase and zymase are obtained from yeast 
in this way, and erepsin is extracted from the mucous lining of 
the intestine. 

A few of the best-known enzymes are listed below with a 
tabulation of sources, the substrates upon which they act, and 
the products of the reactions. 


Enzymes 

Sources 

Substrates 

Products 

Ptyalin . . 

Saliva 

Starch, dextrin . . . 

Maltose 

Amylopsin . 

Pancreatic juice . . . 

Starch, dextrin . . . 

Maltose 

Glycogenase 

Liver, muscles .... 

Glycogen 

Dextrin, malt- 
ose, glucose 

Inulase . . 

Fungi 

Inulin 

Fructose 

Lactase . . 

Intestinal mucosa . . . 

Lactose 

Glucose and ga- 
lactose 

Maltase . . 

Blood serum, liver, sa- 
liva, pancreas, lymph 

Maltose 

Glucose 

Invertase . 

Intestinal mucosa, yeast 

Sucrose, glucosides . . 

Glucose, fruc- 
tose 

Zymase . . 

Yeast 

Sugars 

Alcohol and car- 
bon dioxide 

Adenase . . 

Animal tissues .... 

Adenine 

Hypoxanthine 

Emulsin . . 

Plant tissues 

Glucosides 

Monoses 

Steapsin . . 

Pancreatic juice ... 

Fats 

Glycerol and 
fatty acids 

Erepsin . . 

Succus entericus . . . 

Polypeptides, peptones 

Amino acids 

Rennin . . 

Gastric juice, pancreas . 

Casein 

Paracasein 

Thrombin . 

Blood 

Fibrinogen 

Fibrin 

Pepsin . . 

Gastric juice 

Proteins 

Peptones 

Trypsin . . 

Pancreatic juice . . • 

Proteins 

Peptones, poly- 
peptides, am- 
ino acids 




PURINES AND PYRIMIDINES 

THE PURINES 

In order to establish structural formulas for purine and its 
derivatives we must first become acquainted with a few simple 
condensation products of urea. 

Urea is an amide of carbonic acid. Retaining to some extent 
the character of ammonia, it reacts with acid chlorides, forming 
substituted amides. Thus, for example, it combines with acetyl 
chloride, forming acetyl urea : 

7 NH 2 /NH - COCH 3 

CO< + CH 3 • C0C1 — C0< + HC1. 

X NH 2 x NH 2 

Acetyl urea crystallizes in long, silky needles, melting at 214°. 
When boiled with an alkali it is hydrolyzed to acetic acid, carbon 
dioxide, and ammonia. 

Similar products are formed with urea and dibasic acids. The 
reaction is usually carried out by heating a mixture of the acid 
and urea with phosphorus oxychloride, POCI 3 , at temperatures 
ranging from 100° to 200° : 

NH 2 COOH 

I 

CO + 

I 

NH 2 COOH 

Urea Oxalic acid 


nh 2 

COOH 

1 

NH— CO 

1 

CO + 

ch 2 — 

| | 

V CO CH 2 + 2 H 2 0. 

1 

nh 2 

1 

COOH 

| | 

NH— CO 

Urea 

Malonic acid 

Malonyl urea 
(barbituric acid) 
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NH— CO 


CO 


+ 2 H 2 0. 


NH— CO 

Oxalyl urea 
(parabanic acid) 
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NHs cooh NH— CO 

II II 

CO +CO — vCO CO +2HaO. 

II II 

NH 2 COOH NH— CO 

Urea Mesoxalic acid Mesoxalyl urea 
, (alloxan) 


These cyclic compounds are crystalline solids. They are all 
readily decomposed by boiling them with alkali, the hydrolysis 
occurring in two stages. Oxalyl urea, commonly called para- 
banic acid, reacts with one molecule of water to yield oxaluric 
acid. By continuation of the hydrolysis an additional molecule 
of water is used, urea is liberated, and oxalic acid is formed. 
(Salts rather than free acids are the actual products, for the 
hydrolysis is accomplished in alkaline solution.) 


-CO 


NH- 

I 

CO 

I 

NH CO 

Parabanic acid 


nh 2 


h 2 0 


CO 


COOH 
H 2 0 


nh 2 

I 

^ CO + 


NH CO 

Oxaluric acid 


nh 2 

Urea 


COOH 

COOH 

Oxalic 


As a final step the urea is hydrolyzed to carbon dioxide and 
amm onia. All amides are hydrolyzed by hot alkalies. 

Two molecules of urea combine with one of glyoxalic acid to 
form allantoin. The condensation may be written as follows : 



NH— CH— NH 

I I 

CO CO 

I I 

NH 2 CO— NH 

Glyoxalyl urea (allantoin) 


Glyoxalic acid is always associated with one molecule of water, 
and although it has the properties of an aldehyde it may have 


the structure 

H 

I 

HO— C— OH 
COOH 


H 

I 

instead of C=0 

I 

COOH 


It is one of the few compounds in which two hydroxyl groups 
seem to be held by the same carbon atom. 
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Allantoin is a tasteless, odorless, crystalline substance, which 
melts and decomposes at 231°. It forms insoluble salts of 
lead, silver, copper, and mercury. It is soluble in water and 
in alcohol, and is hydrolyzed by hot alkalies to carbon dioxide, 
ammonia, and a salt of glyoxalic acid. 

The hydrogen atoms in the malonic acid residue of malonyl 
urea are replaceable by metals or by halogens, as they are in 
malonic ester. Thus, by the action of sodium and subsequent 
treatment with an alkyl halide, any mono-alkyl or di-alkyl 
derivative of barbituric acid may be prepared. 

Malonyl urea reacts with nitrous acid, yielding violuric acid, and hydroxyl- 
amine acts upon mesoxalyl urea to form the same compound. The structure 
of violuric acid is consequently established : 

NH— CO NH— CO 

I I II 

CO CH 2 + ONOH — CO C=NOH 

II II 

NH— CO NH— CO 

Malonyl urea Violuric acid 

Violuric acid is a colorless, crystalline solid. Its esters are colorless also ; 
but it forms yellow, red, and blue salts. The structures of these salts have 
not been determined with certainty. 

Uric acid occurs in small quantities in the blood and in nor- 
mal urine. It is present in large amounts in guano (18 per cent 
to 25 per cent) and is the chief component of the excrement of 
serpents. It is crystalline, odorless, and tasteless, very slightly 
soluble in water (1 : 10,000), and insoluble in alcohol and ether. 
Even the alkali metal salts of uric acid are only sparingly sol- 
uble. The monosodium salt dissolves in 1100 times its weight 
of water at 15°; the corresponding lithium salt dissolves in 
370 parts of water. The disodium salt of uric acid is much 
more soluble (1 : 60). 

The history of the researches that led to the proof of the 
structure of uric acid is fascinating and instructive. Only 
an outline of the problem can be given here. The first serious 
attempt to determine the chemical nature of uric acid was 
made by Baeyer in 1863. The accepted formula was proposed 
by Medicus in 1875, and its validity was proved by Fischer in 
1883. The main reactions that were used in establishing the 
structure of the uric acid molecule were oxidation processes 
that broke the molecule into simple units, each of which could 
be identified and synthesized. , 
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From the results obtained by analyses and molecular-weight 
determinations, its molecular formula is shown to be C5H4N4O3. 

When oxidized by potassium permanganate in alkaline solu- 
tion, uric acid yields allantoin. It therefore contains two urea 
residues and the ring structure found in allantoin : 


C 

I 

C— N 


When oxidized with nitric acid, uric acid yields alloxan and 
parabanic acid. It therefore possesses a structure that includes 
the rings found in these compounds, namely : 


N— C 


c c 
I I 

N— C 


and 


C— N 

I 

C 

I 

C— N 


By condensing cyanic acid with uramil, Baeyer synthesized 
a compound which he called pseudo-uric acid. It differs from 
uric acid by one molecule of water : 


NH— CO NH— CO 

I I M II 

CO C< + HNCO — *- CO CHNHCONH 3 

I I x nh 2 I | 

NH— CO NH— CO 


He tried in vain to dehydrate this compound in such a way as 
to leave uric acid. Fischer completed Baeyer’s task by dehy- 
drating pseudo-uric acid through the agency of hot hydrochloric 
acid. Uric acid was thus produced synthetically. 

On the basis of these facts, Baeyer, Fittig, and Medicus 
proposed the following structures for the uric acid molecule : 


NH— CO 

I I 

CO CHNHCN 
I I 
NH— CO 


Baeyer 


NH-rC— NH 
I /I. I 
CO (CO CO 
I \l I 
NH— iC — NH 


Fittig 


NH— CO 

I I 

CO C — NH\ 

I II >C0 
NH— C— NH/ 

Medicus 


Fischer proved the presence of four imide groups in uric acid 
by preparing a tetramethyl derivative, from which all the 
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nitrogen in the compound could be obtained, by saponification, 
in the form of methylamine. This evidence was in harmony 
with the formulas proposed by Medicus and Fittig, but it 
ruled out the Baeyer structure. Hill, at Harvard, made the 
next advance by preparing two different monomethyl deriva- 
tives, in each of which the methyl group was attached to nitro- 
gen. The symmetrical formula of Fittig, therefore, had to be 
rejected. Finally Fischer confirmed the Medicus formula by 
showing that on oxidation one of Hill’s monomethyl deriva- 
tives yields alloxan and methyl urea, whereas the other, under 
similar treatment, yields methyl alloxan and urea. In other 
words, only one of the two imide (NH) groups in which the 
methyl radical had been substituted for the hydrogen atom was 
in the alloxan ring. 

In many of its reactions uric acid acts as if its oxygen atoms 
were in hydroxyl groups. Phosphorus trichloride, for example, 
acts upon uric acid, forming triehloropurine. In this reaction 
three oxygen and three hydrogen atoms are replaced by three 
chlorine atoms. In some other reactions uric acid behaves like 
a ketone. It is a phenomenon similar to that displayed by the 
oximes and acetoacetic ester. It is a case of keto-enol tautomer- 
ism, and the two structures of uric acid correspond to the formulas 

NH— CO 

I I 

CO C — NH V 
I II >CO 

NH— C— NH/ 

Keto form 

Purine. A colorless, crystalline compound composed of car- 
bon, hydrogen, and nitrogen only, and having the same con- 
densed carbon and nitrogen rings as found in uric acid is known 
as purine. Its structure was written and the name applied to it 
fourteen years before the compound was known to exist. It 
was, therefore, at first a purely hypothetical substance repre- 
senting what might be expected to form if uric acid could be 
reduced until it contained only the three elements mentioned, 
without changing the ring structure. Uric acid and all other 
compounds having the same carbon-nitrogen skeleton are re- 
garded as purine derivatives and named in accordance with 
the positions occupied by substituting groups. The positions 
of the elements in the purine rings are numbered as follows : 


N— COH 

I I 

COH C — NH X 

II II JiCOH 

N C — 

Enol form 
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IN— 6CH 


2CH 5C — 7NH- 


\8CH 


3N- 


-4C — 9N' 

Purine 


Purine is a very weak base. It melts at 217° and dissolves 
readily in water. All its oxy-derivatives display keto-enol 
tautomerism. 

The systematic names and the common names and formulas 
of some purine derivatives are shown below : 


N= 


=CH 


CH C— NH 

II II 

N C — N' 

Purine 

NH— CO 

I I 

CO c— NH 


VlH 


NH— CO 

I I 

CO C — NH 


\co 


_>CH 

NH— C— N^' 

2, 6-Dioxypurine (xanthine) 

NH— CO 

I I 

CO C— N— CHs 

I II \ch 

CHs— N — C— N/" 


NH— C— NH X 

2, 6, 8-Trioxypurine (uric acid) 

NH— CO 

I I 

CH C — NH X 

II II >CH 

N C — 

6-Oxypurine (hypoxanthine) 

CHr-N— CO. 

I I 

CO C— N— CHs 

ch J,J-n> ch 


8, 7-Dimethyl-2, 6-dioxypurine (theobromine) 1, 3, 7-Trimethyl-2, 6-dioxypurine (cafieine) 

N=C NH 2 


CH C— NH 

1 Lc-N> CH 

6-Aminopurine (adenine) 


NH— CO 

I I 

H 2 N-C C-NH 

II II \cH 

N — C — Nf 

2-Amino-6-oxypurine (guanine) 


CHs— N— CO 

I I 

CO C— NH 
CH 3 — N— c— N/ CH 

1, 3-Dimethyl-2, 6-dioxypurine (theophylline) 
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Caffeine crystallizes from water in white needles having a 
silky luster and a bitter taste. It sublimes under atmospheric 
pressure at 178°, and melts in a sealed tube at 237°. Caffeine 
occurs in coffee (0.5 per cent to 1.5 per cent). Its physiological 
action is of some importance. It acts (1) upon the central nerv- 
ous system, (2) upon the kidneys, and (3) upon the heart. It is 
a cerebral stimulant. It overcomes drowsiness and relieves 
fatigue. Intravenously injected it quickens the heart action 
and temporarily produces a stronger pulse. Upon the kidneys 
it acts as a diuretic, and on this account its use has been ad- 
vocated in the treatment of various types of oedema. In addi- 
tion to these chief characteristics one other effect should be 
mentioned which, however, is not general but depends largely 
upon the idiosyncrasies of individuals, namely, its influence 
upon digestion. Many suffer from indigestion if caffeine is 
used in large amounts. 

Theobromine is found in chocolate (1 per cent to 2 per cent). 
It is a colorless, crystalline body which sublimes at 290° 
(m.p. 337°). Like caffeine it is a nerve stimulant and a diuretic. 
It is only slightly soluble in water and in alcohol but dissolves 
readily in ether. Theobromine, caffeine, and other purines are 
partly oxidized in passing through the body and are excreted 
chiefly in the form of uric acid. 

Adenine is obtained as a hydrolysis product of nucleoproteins 
of both plant and animal origin, and may be obtained in crys- 
talline form from an aqueous extract of tea leaves. It decom- 
poses at 365°. 

Guanine occurs with adenine in plant and animal tissues 
and especially in nucleic acid. It is practically insoluble in 
water and in alcohol, but dissolves in basic solutions. Guanine 
and adenine are the only amino purines found in nature. 

Trichloropurine is prepared by treating uric acid with phos- 
phorus oxychloride; and from this derivative most of the pu- 
rine bases may be made by direct processes of substitution. 
The control of these substitutions is rendered possible by the 
fact that the chlorine in position 6 is far more reactive than 
either of the others, and the halogen atom in position 2 is 
more reactive than the one in position 8. Thus, when 2, 6, 8- 
trichloropurine is warmed with hydriodic acid, only chlorine 6 
is replaced by hydrogen. Chlorine atoms 2 and 8 are, at the 
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same time, replaced by iodine. The di-iodopurine may be 
completely reduced by heating with zinc dust and water, and 
in this way purine was synthesized. 

Ammonia acts upon trichloropurine, replacing the chlorine at 
position 6 by NH 2 . Potassium hydroxide replaces the same 
chlorine by a hydroxyl group. Sodium alcoholate replaces 
chlorine atoms 2 and 6 by alkoxyl groups ; and in any of these 
derivatives the remaining chlorine may be replaced by hydro- 
gen through reduction with hydriodic acid and zinc. The prin- 
cipal reactions involved in the conversion of trichloropurine 
into other derivatives of purine are summarized in the follow- 
ing table : 

N==CC1 


CC1 C— NH 


-iNru 

>CC1 

-n/ \& 


— C-N^ 

Trichloropurine 

(KOH) 


N=CNH 2 

I I 

CC1 C— NH. 


N=COH 


=coc 2 h 5 


II II >ci 

ST C— N^ 

Dichloroadenine 

| (HI) 

n=cnh 2 

I I 

CH C— NH V 

II II >H 

N— C- 

Adenine 

N=COH 
| | (NH,) 

CC1 C— NH< * 


CC1 C-NHs COC 2 H 5 C-NH x 

I II >cu I > ccl 

N C— N^ N C— N^ 

Diehlorohypoxan thine 2, 6-Diethoxy-8-chloropurine 


j (HI) 
NH— CO 


| (HI) 

NH— CO 


CH C-NH X CO C-NHv 

|| || ^CH | || _>CH. 

N — C-N^ NH-C-N^ 

Hypoxanthine Xanthine 


N=COH 


N— COH 


N— C— N^ 

Dichlorohypoxanthine 


-CN H ,C-NH - CNH,C-m 

N c- N C-N^ 

2-Ammo-6-oxy-8-cHoropurine Guanine 
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THE PYRIMIDINES 

The purine molecule contains a six-membered ring and a 
five-membered ring. The two are merged so that two of the 
carbon atoms belong to both rings. The separate rings, with 
hydrogen enough to satisfy the carbon valences, represent two 
definite compounds, known as pyrimidine and imidazole: 


N= 


=CH 


CH C— NH 


N- 


-C— 


\CH 


N— CH 

I I 

CH CH 


N- 


-CH 


Purine 


Pyrimidine 


CH— NH V 

Lh-h> CH 

Imidazole 


The atoms of the pyrimidine ring are numbered just as they 
are in purine, and derivatives of this cyclic structure are named 
as substituted pyrimidines. As a result of the exhaustive re- 
searches of Treat B. Johnson, the reactions of the pyrimidines 
and methods for synthesizing them are well known. Some of 
these derivatives are important components of every living 
cell. The nucleoproteins, for example, are composed of simple 
proteins, combined with a substance of unknown structure 
called nucleic acid; and nucleic acid when hydrolyzed yields 
phosphoric acid, carbohydrates, purines, and pyrimidines. 
Among the more important members of the last class are thy- 
mine, cystosine, and uracil : 


NH— 

1 

—CO 

N= 

1 

=cnh 2 

1 

CO 

| 

cch 3 

II 

CO 

CH 

| 

NH— 

II 

— CH 

NH- 

-CH 


5-Methyl-2, 6-dioxypyrimidine 6-Amino-2-oxypyrimidine 

• <thymine) (cystosine) 

NH CO 

I I 

CO CH 

I II 

NH CH 

2, 6-Dioxypyrimidine 
(uracil) 

These derivatives of pyrimidine are not very soluble in water. 
They decompose at their melting points: thymine, 321° 
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cystosine, 324° ; and uracil, 338°. On treatment with nitrous 
acid cystosine is converted into uracil. It is the usual replace- 
ment of an amino group by a hydroxyl group. In the same 
way adenine is converted into hypoxanthine and guanine into 
xanthine. Uracil and other oxypyrimidines, and the oxypurines 
as well, exist in two forms, corresponding to keto and enol 
structures. In solution an equilibrium is established between 
the two forms. If a reagent is used which reacts with a carbonyl 
oxygen, any one of these tautomeric compounds will behave as 
if it were a ketone. With a reagent which acts on a hydroxyl 
group the same compound responds with equal ease in the 
enolic form. Uracil in solution has the following structures : 

N— COH 
COH CH 

II II 

N CH 


NH— CO 
CO l ch 
NH— CH 



POLYMETHYLENES 


The polymethylenes occupy an intermediate position be- 
tween the aliphatic and the aromatic types of compounds. 
They are cyclic hydrocarbons corresponding to the general 
formula j(CH 2 ) n . Although isomeric with the olefins, they 
lack some of the properties ordinarily found in unsaturated 
hydrocarbons. Some of them are not oxidized at all by per- 
manganate ion in alkaline solution, whereas hydrocarbons hav- 
ing double bonds are rapidly oxidized by this reagent. They 
have higher boiling points and lower atomic volumes than the 
corresponding olefins; and, although the lower members are 
unstable, they are, as a class, less reactive than hydrocarbons 
of the ethylene type. 

Ethylene might be regarded as the first' polymethylene as 
well as the first member of the olefin series ; but it is customary 
to regard trimethylene, or cyclopropane, as the simplest ring 
compound. 

Cyclopropane, C 3 H 6 , is prepared by the action of sodium on 
1, 3-dibromopropane : 

.CH 2 Br /CH 2 

CH 2 < + 2 Na — >- CH 2 < I + 2 NaBr. 

X CH 2 Br X CH 2 

It is a gas (m.p. — 126°, b.p. — 35°) which, in direct sun- 
light, absorbs bromine slowly, regenerating trimethylene bro- 
mide. With chlorine the corresponding reaction is rapid. 

Cyclobutane and cyclopentane, low-boiling colorless liquids, 
have been prepared from tetramethylene dibromide and penta- 
methylene dibromide respectively. 

Cyclohexane, hexahydrobenzene, or hexamethylene, CeHi 2 , 
is obtained from benzene, CeHe, by reduction with hydrogen. 
The reaction proceeds under various conditions. Sabatier and 
Senderens passed a mixture of hydrogen gas and benzene vapor 
over nickel powder at 150° to 200°. Willstatter passed hydrogen 
gas into liquid benzene at ordinary temperatures, using plati- 
num black as a catalyst. The first method is superior from the 
standpoint of time required and yield obtained. 
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Cyclohexane melts at 6.4° and boils at 80°. Benzene melts 
at 5.4° and boils at 80.4°. Benzene is nitrated by concentrated 
nitric acid and sulfonated by sulfuric acid. Cyclohexane is not 
affected by these reagents. 

Isomerism. We have traced the cause of geometrical isomer- 
ism, which is one type of stereoisomerism, to the presence of a 
double bond which destroys the power of free rotation of the 
carbon atoms so joined. Free rotation is just as effectively 
arrested by ring formation, and hence we should expect to find 
examples of space isomers among the substituted cycloparaffins. 
If we represent the rings by polygons lying in a plane at right 
angles to the plane of the paper, then 
the two remaining valences of each car- 
bon atom may be represented by lines in 
the plane of the paper, one extending 
above and the other below the plane of 
the polygon. Since the carbon atoms at 
the comers of the figures cannot rotate 
independently, a polymethylene having two or more different 
groups substituted for hydrogen may exist in cis and trans forms. 
As actual examples we have two cyclopropane dicarboxylic acids. 


COOH 

COOH 

COOH H 

1 -J 

h V 

/h and 

h\ h / COOH 

T 

H 


Y 

H 

Cis (m.p. 139°) 

Trans (m.p. 175°) 



and many derivatives of higher members of the series, includ- 


ing the following : 


* Name 

Cis, M.P. 

Trans, M.P. 

1, 3-Cyclobutane dicarboxylic acid 

136° 

171° 

131° 

160° 

88° 

215° 

120° 

300° 

170° 

1, 2-Cyclobutane dicarboxylic acid 

138° 

1, 2-Cyclopentane dicarboxylic acid 

140° 

1, 3-Cyclopentane dicarboxylic acid 

121° 

192° 

163° 

Hexahydro-orMophthalic acid 

Hexahydro-raetaphthalic acid* 

Hexahydro-paraphthalic acid* 

162° 

188° 



* Itfetophthalic and paraphthalie acids are commonly called isophthalic and 
terephthalic respectively. 
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Relative asymmetry. The three hexahydrophthalic acids exist 
in cis and trans forms, but two of them, namely, hexahydro- 
ort&ophthalic acid and hexahydro-metophthalic acid, differ from 
the para compound in that each possesses two asymmetric 
carbon atoms. Only the trans forms display optical activity 
and are capable of resolution into d and l modifications. The 
cis forms are inactive on account of internal compensation. 


COOH 



I I 

COOH COOH 


Hexahydro-meZaphthalic acid Hexahydro-orZ/iophthalic acid 

Baeyer* pointed out that although hexahydro-paraphthalic 
acid does not have an ordinary asymmetric carbon atom it is 
nevertheless unsymmetrical, for "if a person is represented as 
floating on his side in the orbit of the ring, with his face to the 
center, with his feet at 1, and his head at 2, he will, on reach- 
ing 4, pass carboxyl on his right and hydrogen on his left; 
whereas if he starts with his head at 6 and feet at 1, he will 
pass carboxyl on his left and hydrogen on his right." 


HOOC 
I 

Ci 


ch 2 — ch 2 

2 3 s 


H 


4 C 

6 5/ H 

h 2 — ch 2 

Hexahydro-paraphthalic acid 
(cis) 



COOH H 
I 

Ci 
I 

HOOC 


CH 2 — ch 2 

'2 3 


COOH 

A 

s/h 


■ 6 

ch 2 — cri 2 

Hexahydro-paraphthalic acid 


)-para ph 
(trans) 


Baeyer called this relative asymmetry, in contradistinction to 
absolute asymmetry, which is characterized by the attach- 
ment of four distinctly different groups to the same carbon 
atom. Resolution into optically active compounds is impossi- 
ble in cases of relative asymmetry, for each form is identical 
with its own mirror-image. 


* Baeyer, Ber., 26, 232 (1893). 
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HYDROCARBONS 

The compounds of the aliphatic series considered in the pre- 
ceding chapters were regarded as derivatives of methane. In 
most cases these compounds were represented as having con- 
tinuous open chains of carbon atoms. Hydrocarbons having 
the formula C n H 2n +2 and their derivatives were called satu- 
rated compounds ; those corresponding to the formulas C n H 2 
C n H 2 n- 2 , and C n H 2n -4 were said to be unsaturated. The aro- 
matic group comprises the derivatives of benzene and some 
other cyclic compounds. Benzene is the first member of a 
series of hydrocarbons corresponding to the general formula 
C n H 2 n-6, but it does not act like a highly unsaturated com- 
pound. Its six carbon atoms form a closed chain or ring, and 
this cyclic structure imparts to the molecule properties that 
would not be predicted from a consideration of the empirical 
formula alone. 

Benzene . Pure benzene is an optically clear, colorless liquid 
boiling at 80.4° C. and freezing at 5.4°. It has a density of 
0.8799 g. per cubic centimeter at 20° C. It is practically in- 
soluble in water, but dissolves in all proportions in alcohol 
and in ether. Benzene burns with a luminous, smoky flame, 
and on account of its high vapor pressure readily forms explo- 
sive mixtures with air. It is an excellent solvent for fats, waxes, 
and resins. Hundreds of important compounds, including the 
valuable aniline dyes and high explosives like picric acid and 
trinitrotoluene, are derived from benzene. 

The main commercial source of benzene is coal tar. When 
coal is distilled (that is, heated out of contact with air), a 
variety of gaseous, liquid, and viscous tarry products are ex- 
pelled. A solid residue of coke remains in the retort. The 
process is one of great industrial value, for coal gas is used in 
enormous quantities for heating and lighting purposes, while 
the smelters, and many other concerns operating large furnaces, 
are dependent upon coke for fuel. 
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The coal gas is separated from the liquids and tar by means 
of condensers, and after being freed from ammonia and hy- 
drogen sulfide by washing with water it is conveyed to storage 
tanks connected with the gas mains of the city. It consists 
of hydrogen (45 to 50 per cent), methane (30 to 40 per cent), 
carbon monoxide (6 to 10 per cent), and small quantities of 
carbon dioxide, nitrogen, acetylene, benzene, and ethylene. 

The liquid distillate separates into two layers. The upper 
layer consists of an aqueous solution of ammonia, ammonium 
carbonate, ammonium hydrosulfide, pyridine, and some other 
compounds. This is an important commercial source of ammo- 
nia and all ammonium salts. The lower layer consists of a heavy, 
dark, oily, or viscous mass known as coal tar. The tar, at one 
time discarded as a worthless by-product, is now prized as a val- 
uable source of many aromatic compounds. A partial separation 
of its components is accomplished by fractional distillation. In 
the preliminary treatment it is cut into five fractions, as follows : 

1. Light oil, 80° to 170° 3. Heavy oil, 230° to 270° 

2. Middle oil, 170° to 230° 4. Anthracene oil, above 270° 

5. Pitch, a semisolid residue 

Each fraction is then redistilled from smaller retorts or ex- 
tracted with various solvents to complete the separation. 

CONSTITUTION OF BENZENE 

An analysis of benzene indicates that it consists of carbon, 
92.31 per cent, and hydrogen, 7.69 per cent. The simplest 
formula that represents these values is CH. The molecular 
weight of benzene is 78 and its molecular formula is therefore 
CeH 6 . The saturated aliphatic hydrocarbon (hexane) having 
six carbon atoms has the formula CeH^. From a considera- 
tion of the empirical formula, CeHe, one would conclude that 
benzene must be a highly unsaturated compound; but as a 
matter of fact, it acts more like a saturated hydrocarbon. Un- 
like the members of the acetylene series, benzene is oxidized 
with great difficulty. Halogen acids, cold sulfuric acid, and 
concentrated alkalies do not affect it, and powerful oxidizing 
agents, such as hot chromic acid and potassium permanganate 
solutions, convert it very slowly into carbon dioxide, water, 
and other products. The free halogens, chlorine and bromine, 
react with benzene, forming either substitution products, as 
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with saturated hydrocarbons, or addition products. The abil- 
ity to form addition products reveals the fact that benzene 
is actually unsaturated, although its inertness is a property not 
shared by the unsaturated compounds of the aliphatic series. 

Dipropargyl, C 6 H 6 , a liquid boiling at 85° and isomeric with benzene, is 
prepared by a method which indicates that it has the following formula: 
CH • C * CH 2 * CH 2 * C i CH. Its properties are in strict harmony with 
this structure. It is highly reactive, easily oxidized, forms addition prod- 
ucts with halogens and with halogen acids, and yields metallic derivatives 
with silver and copper salts. Since benzene is fundamentally different, it 
cannot be represented by a structure similar to that assigned to dipropargyl. 

A study of the substitution products of benzene led to the 
conclusion that its structure must be represented as a closed 
chain or ring. Some of the evidences in support of this struc- 
ture will be presented here, and corroborating evidence will be 
found in the chapters that follow. 

1. There are no isomeric monosubstitution products of ben- 
zene. Only one bromobenzene, for example, is known. This is 
not due to a unique position in the molecule of a single hydro- 
gen atom, making substitution take place in one position only, 
for all the hydrogen atoms in benzene are replaceable by the 
same reagent. Only one conclusion can be drawn from this fact, 
namely, the six hydrogen atoms in the benzene molecule are 
similarly placed. In other words, the molecule has a symmet- 
rical structure, with the hydrogen atoms uniformly and equally 
distributed. This implies the necessity of having one and 
only one hydrogen atom attached to each carbon atom. 

2. There are three isomeric disubstitution products of ben- 
zene, whether the substituents are alike or different. 

3. There are three trisubstitution products of benzene if the 
substituents are alike ; six if two are alike and one different ; 
ten isomers if the three substituents are all different. 

In 1864 Kekute proposed the following structure to account 
for the properties enumerated in the last three paragraphs: 

H 

hc^Ndh 


HC v/ 

H 


CH 
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The benzene molecule is thus represented as a symmetrical 
ring or hexagon, with the carbon atoms all alike with respect 
to positions within the ring, and the hydrogen atoms all simi- 
larly located. To determine whether this formula accounts for 
the substitution products of benzene, let us economize space by 

writing a hexagon for the formula. The symbol will 

be understood to mean C 6 H 6 , the six carbon and six hydrogen 
atoms being combined as indicated in the Kekul6 formula. 

Similarly <^~^>Br will stand for C 6 H s Br, a substitution prod- 
uct derived from benzene by replacing one hydrogen atom by 
a bromine atom. Using the letter X to represent any atom or 
radical, we may represent the three disubstitution products of 
benzene by the following formulas : 


XXX 



i n hi 


The relative positions of the substituents in formulas I, II, 
and III are known as ortho, meta, and para respectively. We 
specify the positions of atoms or groups in the ring as follows : 


Br Br Br 



Oriftodibromobenzene Metadibromobenzene Parachlorobromobenzene 


Obviously it is immaterial whether the two substituents are 
alike or different ; the possible number of isomers remains the 
same in either case. 

The three possible trisubstitution products, if the substitu- 
ents are all alike, are represented as follows : 




X 


XI 


lx 


X 
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The ring structure accounts for six trisubstitution products 


if two of the substituents are alike : 

X X X X X X 



The formula accounts also for the existence of ten isomeric 
products if the three substituents are different: 



The agreement between the known number of isomers and 
the number that would be predicted on the basis of a ring struc- 
ture gave strong support to the views expressed by KekulA 
Not all the possible compounds have actually been prepared, 
but in no instance has the ring structure been inadequate 
to account for known derivatives of benzene. But KekulAs 
formula is not entirely satisfactory. This structure should 
give rise to isomeric ortho disubstitution products; for in one 
case the entering atoms or radicals might attaeh to carbon 
atoms held together by a single bond, and in the other case 
to carbon atoms held by a double bond. Thus there should be 
two orfAodichlorobenzenes : 


H 

HC/ C VC1 


HC W CC1 

H 


H 

HC/^CCI 


HC %c / CC1 

H 

ii 


and 
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No such isomers exist, or, at any rate, no substantial chemical 
evidence of their existence has been found up to the present 
time.* Kekule met this objection with the assumption that the 
double bonds are constantly shifting positions. He maintained 
that the formula as written above represents a dynamic rather 
than a static relationship between the atoms. Half the mole- 
cules of ortftodichlorobenzene correspond to formula I and half 
to formula II, or, in other words, any particular molecule is 
in the condition represented by formula I half of the time and 
in the other form half of the time. This ingenious explanation 
has never fully satisfied chemists, and many new formulas for 
benzene have been proposed since Kekul 4 ’s time. A few of these 
inventions deserve consideration. 

A structure proposed by Armstrong and independently by 
Baeyer is often called the "centric” formula. In this arrange- 
ment one valence bond of each carbon atom is extended toward 
the center of the ring. The fourth valence of each carbon 
atom belongs as much to one as to any other carbon atom in 
the ring, the six tetrahedral carbon atoms being arranged in 
such a way as to throw the fourth, or unoccupied, point of each 
tetrahedron toward the center of the group. 



If each carbon atom were independently unsaturated, having 
one free bond, as-indicated in the centric formula, it should be 
possible to introduce a single halogen or other univalent group, 
forming a compound of the type CgHeX. This is not the case. 
Invariably the addition products formed belong to the types 
CeH6X2, CeH 6 X 4 , and CeHeXe. The centric formula does af- 
ford an explanation of the fact that it is much more difficult 
to bring about the addition of the first pair of elements than it 
is to introduce the second and third pairs. If the inactivity 
of the free valences is due to their symmetrical arrangement, 

* For properties that have led some chemists to believe that such isomers exist 
see Ostromisslensky, Z . physik. Chem., 57, 341 (1906). 
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then as soon as two of the bonds have been withdrawn from the 
central group the symmetry has been destroyed and the re- 
maining bonds are less firmly held in place. 

Arguments have been made in support of each of the follow- 
ing structures and there are objections to each : 


H 



H 



H 


Ladenburg 


HG' 


H 


£H 


HG: 


XCH 


XT 

H 

Thiele 


Thiele’s formula is perhaps the best of the group. The 
dotted lines represent partial valences. They are unreactive, 
for the formula as a whole is an example of what is known as 
a conjugate system. The merits and limitations of this struc- 
ture are discussed under partial valence. 

The Ladenburg formula represents the benzene molecule as 
a triangular prism. This formula provides for the formation 
of addition products, but only by breaking a single bond be- 
tween carbon atoms. The number of isomeric forms of poly- 
substitution products is as well accounted for as by the Kekiile, 
Baeyer, and Thiele formulas. From the number of trisubstitu- 
tion products that may be derived from a given disubstitution 
product it is possible to determine which positions in the 
Ladenburg formula correspond to the ortho, meta, and para 
positions of the Kekiile formula. For reference the correspond- 
ing positions are numbered in the following diagrams : 



It should be possible to secure stereoisomeric disubstitution 
products of benzene if the hydrocarbon corresponds to the 
Ladenburg formula, but no such isomerism has been observed.* 

* For other objections to this structure and for a more complete discussion of 
all these formulas, see Stewart’s " Stereochemistry.” 
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On the basis of the Kekule formula, the arrangement of the 
atoms in space is shown in the following diagram : 



The centers of the six carbon atoms lie in one plane. No case 
of optical activity has yet been traced to asymmetry in the 
benzene nucleus. This, of course, does not exclude from con- 
sideration space formulas that present such possibilities; for 
stereoisomers may exist which we cannot separate or detect by 
methods now at our command. 

The simple hexagon, ^>, will be used throughout this 

text as an abbreviation for the structural formula of benzene. 
The univalent phenyl radical, CeH 5 — , derived from benzene 
by loss of one hydrogen atom, will be written C 6 H 5 — or repre- 
sented by the symbol — or by the Greek letter </>. 

Thus, bromobenzene will be written CeH 5 Br, ^ >Br, or 

<f> Br ; and benzene itself will be written CeH6, ^ >, or 4> H. 

Radicals derived from the aromatic hydrocarbons are desig- 
nated aryl radicals. 


HOMOLOGUES OF BENZENE 

By direct or indirect means, the hydrogen atoms in benzene 
may be replaced by alkyl or aryl radicals, and thus various 
types of hydrocarbons genetically related to benzene may be 
prepared. 

An alkyl radical or other group attached to the benzene ring 
in the place of hydrogen is referred to as a side chain, and the 
benzene residue is called the nucleus of the molecule. A side 


HYDROCARBONS 


193 


chain may consist of an aliphatic group, as in toluene, CeHs • CH 3 , 
or it may be exclusively aromatic in character, as in biphenyl, 
CeH 5 ■ CeH 5 , or it may be composed of an aliphatic group in 
which hydrogen has been replaced by aryl radicals, as in tri- 
phenylmethane, 

/C 6 H 5 

C 6 H 5 — CH< 

X C 6 H 5 

The following general methods are employed in the synthesis 
of homologues of benzene : 

1. The Fittig synthesis. A reaction corresponding to the 
Wurtz synthesis consists of treating a mixture of an aryl halide 
and an alkyl halide with sodium. Thus bromobenzene and 
ethyl bromide yield ethylbenzene : 

<f^>Br + C 2 H 5 Br + 2 Na — <^>C 2 H 5 + 2 NaBr. 

Mixed products are obtained in this reaction, for ethyl radicals 
unite, forming butane, C 2 H 5 • C 2 H 5 , and phenyl radicals com- 
bine to form biphenyl, ^>. 

2. The Friedel and Crafts reaction. Homologues of benzene 
may be made by the action of an alkyl halide on an aromatic 
hydrocarbon in the presence of dry aluminum chloride : 

C 6 H 6 + CH 3 Br — > C 6 H 5 CH 3 + HBr. 

Benzene Methyl Toluene 

bromide 

This is an important general reaction. The aluminum chloride 
is regarded as a catalyst, although in some cases it is necessary 
to use as many moles of A1C1 3 as there are moles of the reacting 
hydrocarbon, and in many cases there is evidence of the for- 
mation of an intermediate product containing the aromatic 
nucleus combined with aluminum and chlorine. 

3. Distillation, of a salt. Dry distillation of a mixture of a 
base and a salt of an acid results in the destruction of the 
carboxyl group and the formation of a hydrocarbon: 

CH 3 • C 6 H 4 • COONa -f- NaOH ■ > CH 3 • CeHs - 1 - Na 2 C 03 . 

Sodium toluate Toluene 

(C 6 H 5 COO) 2 Ca + Ca(OH) 2 — »- 2 C 6 H 6 + 2 CaC0 3 . 

Calci um benzoate Benzene 
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4. A mixture of an aromatic hydrocarbon and an alcohol, if 
heated (300°) with zinc chloride in a sealed tube, yields a higher 
hydrocarbon and water : 

C 6 H 6 + C4H9OH ZnCI > 2 C 6 H s C4H 9 + H 2 0 . 

Physical constants of a few of the homologues of benzene 
are given in the following table : 


Name 

Formula 

Melting 

Point 

Boiling 

Point 

Specific 

Gravity 

Toluene 

CeHsCHs 

-95.1° 

110.5° 

0.866 (20°) 

Xylene (o) 

C 6 H4(CH 3 )2 

-27.1° 

144° 

0.893 (0°) 

Xylene ( m ) 

C 6 H4(CH 3 )2 

-53.6° 

139° 

0.881 (0°) 

Xylene (p) 

C6H4(CH 3 )2 

+ 13.2° 

138° 

0.861 (20°) 

Hemimellitene .... 

C 6 H3(CH 3 )3 1,2,3 

— 

176.5° 

0.895 (20°) 

Pseudocumene .... 

C 6 H 3 (CH 3 ) 3 1, 2, 4 

— 61° 

169.8° 

0.879 (20°) 

Mesitylene 

C 6 H 3 (CH 3 ) 3 1, 3, 5 

- 52.7° 

164.5° 

0.869 (10°) 

Ethylbenzene 

C 0 H 5 C 2 H 5 

-92.8° 

134° 

0.883 (0°) 

Cumene 

C 6 H 5 C 3 H 7 (iso) 

— 

153.4° 

0.879 (0°) 

Propylbenzene .... 

CeHsCaHr (n) 

-101.6° 

157.5° 

0.881 (0°) 

Cymene 

CeBUCHsCsHy 1, 4 

-73.5° 

176° 

0.872 (0°) 

Pentamethylbenzene . 

C 6 H(CH 3 )5 

+ 53° 

230° 

0.847 (107°) 

Hexamethylbenzene . . 

C 6 (CH 3 )6 

166° 

265° 

— 

Hexaethylbenzene . . . 

Ce(C2H5)6 

129° 

298° 

| 0.831 (130°) 


Toluene, C 6 H 5 CH 3 , a mobile, colorless liquid, is obtained from 
coal tar by distillation, or it may be prepared synthetically by 
some of the methods given above. It is the source of the high 
explosive trinitrotoluene and of many useful reagents such as 
benzyl chloride, benzaldehyde, and benzoic acid. 

Xylenes. The three xylenes occur in coal tar. They are 
represented by the following formulas : 


CH 3 



Orffcoxylene 

(m.p. — 27.1°, b.p. 144°) 


ch 3 


ch 3 


JCH 3 


Metaxy lene 

(m.p. — 53.6°, b.p. 139°) 



Paraxylene 
(m.p. 13.2°, b.p. 138°) 


The ortho and para xylenes are oxidized by hot dilute nitric 

/CHs 

acid to the corresponding toluic acids, C 3 H 4 <( . The 

XIOOH 

oxidation of metaxylene by dilute nitric acid proceeds so slowly 
that it is possible to separate metaxylene from its isomers in 
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this way. It is not practical to separate them by distillation. 
The isolation of each of the three xylenes from the mixture ob- 
tained from coal tar is accomplished by shaking the mixture 
with concentrated sulfuric acid. Ortho and meta xylenes are 

CHs. 

converted into xylene sulfonic acids, >C 6 H 3 S 03 H, and 

ch 3 / 

paraxylene is unchanged. The sodium salts of the ortho and 
meta xylene sulfonic acids are separated by fractional crystalli- 
zation, and the free hydrocarbons are obtained by hydrolyzing 
the salts with hot hydrochloric acid. 

Cymene, CH 3 C 6 H 4 C 3 H 7 , and mesitylene, (CH 3 ) 3 C 6 H 3 , are 
isomeric compounds. Cymene is found in oil of lemon, oil of 
eucalyptus, oil of thyme, and in many other essential oils. It 
may be obtained by heating camphor with phosphorus pentox- 
ide. Mesitylene is prepared by mixing acetone with concen- 
trated sulfuric acid and distilling the mixture several hours 
later. The reaction consists of a condensation of three mole- 
cules of acetone, with loss of three molecules of water : 


3 CH 3 COCH 3 


H 2 SO 4 

*- 


CH S 



+ 3 H 2 0. 


Mesitylene 


Biphenyl, CeHsCeHs (m.p. 69°, b.p. 254.9°), crystallizes from 
hot alcohol in large colorless plates. It is formed by passing 
benzene vapor through a red-hot tube ; this is the best labora- 
tory method for making it : * 

2 CeHe — CeHsCeHs + H 2 . 

Sodium acts on bromobenzene in ether, producing biphenyl : 

2 CeHsBr + 2 Na — CeHsCeHs + 2 NaBr. 

The positions of the carbon atoms in biphenyl are numbered 
as follows : 

Bromine and chlorine form substitution products with biphenyl, 
the first halogen atom entering the molecule in position 4 (or 4'). 

* Fischer, Anleitung zur Darstellung organischer Praparate. 
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On further treatment, a 4, 4'-dihalogen substitution prod- 
uct is formed. Nitric acid converts the hydrocarbon into 
2-nitrobiphenyl, 4-nitrobiphenyl, 2, 4 / -dinitrobiphenyl, and 
4, 4 '-dini trobiphenyl . Chromic acid removes one of the rings, 
as it would an aliphatic side chain, the principal product formed 

being benzoic acid, ^ >COOH. 

Diphenylmethane, (C 6 H 5 )2CH 2 (m.p. 27°, b.p. 262°), is pre- 
pared by the action of aluminum chloride on a mixture of ben- 
zene and benzyl chloride : 

C 6 H 5 CH 2 C1 + C 6 H 6 CeHaCHaCaHs + HC1. 


Diphenylmethane is easily oxidized by chromic acid to benzo- 
phenone, C6H5COC6H5. At high temperatures the vapor of 
diphenylmethane is decomposed, yielding fluorene and hydrogen : 


C 6 H 5 

C 6 H s / 


%ch 2 


C 6 H 4x 

| >CH 2 + Ha. 

c 6 h/ 


Fluorene melts at 116°, boils at 295°, and forms beautiful fluores- 
cent crystals. On oxidation fluorene yields diphenylene ketone, 

c 6 h 4x 

| yCO, a compound produced also by distilling the calcium 

c 6 h/ 

salt of diphenic acid : 

C 6 H 4 COO x C 6 H 4v 

| >Ca | >C0 + CaC0 3 . 

CsHiCOO-^ C 6 h/ 


Fluorene is oxidized by lead dioxide at 330°, forming a bright 
red, solid hydrocarbon, dibiphenylene ethylene (m.p. 188°) : 


c 6 h 4x 

2 I >CH 2 


CflH* 


/ 


Pb0 2 
>- 


CeHiv /CeHi 

I >c=c< | 

C 6 H/ X C 6 H 4 


Triphenylmethane, (C6H5J3CH (m.p. 93°, b.p. 359°), is ob- 
tained from chloroform and benzene by Friedel and Crafts’ 
reaction : 


CHCI3 + 3 C 6 H 6 


AICI3 
>- 


CH(C 6 H 6 ) 3 + 3HC1. 


The hydrocarbon is oxidized by lead dioxide or other mild 
oxidizing agents to triphenyl carbinol, (CeHs^COH, a colorless 
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crystalline body, melting at 162.5°. The hydroxyl of the carbinol 
is, in turn, easily replaced by chlorine through the agency of 
acetyl chloride or even by hydrogen chloride, and the chloride 
reverts spontaneously to the carbinol if exposed to moist air. 

Tetraphenylmethane, (CeHs^C (m.p. 285°, b.p. 431°), a col- 
orless, crystalline hydrocarbon, insoluble in alcohol, ether, 

. and cold acetic acid, but fairly soluble in hot benzene, may be 
prepared through the action of phenyl magnesium bromide on 
triphenylmethyl bromide (Grignard reaction) : 

(C 6 H 5 ) 3 CBr + C 6 H 5 MgBr — > (CsH^C + MgBr 2 . 

The yield is only 5 per cent to 10 per cent of the theoretical. 
Many unsuccessful attempts to prepare this compound were 
made during the last half of the nineteenth century. The 
synthesis was finally accomplished by Gomberg* through the 
action of phenylhydrazine on triphenylbromomethane : 

(CeHslsCBr + H 2 N— NH— C 6 H 5 

—+ (C 6 H 5 ) 3 C— NH— NH-CeHs + HBr. 

This crystalline product, triphenylmethylhydrazobenzene 
(m.p. 137°), when dissolved in ether, absorbs oxygen from the 
air, forming triphenylmethylazobenzene, a crystalline com- 
pound melting at 114° and having the formula 

(C 6 H 5 ) 3 C — N=N — C 6 Hs. 

The latter decomposes between 120° and 130° into nitrogen 
and tetraphenylmethane. 

Tetraphenylethylene (m.p. 221°, b.p. 425°) is a representative 
aromatic unsaturated hydrocarbon. It is prepared by heating 
benzophenone chloride f with diphenylmethane : 

(C 6 H 5 ) 2 CCl 2 -f- (C 6 H 5 ) 2 CH 2 — >- (C 6 H 6 )2C=C(C 6 Hs)2+2HCl. 

Unlike most unsaturated compounds, this hydrocarbon does 
not form an addition product with bromine nor with halogen 
acids. Chlorine, however, does react with it by addition. 

* Gomberg, Ber., 30, 2043 (1897). 

f Benzophenone (m.p. 48.5°, b.p. 305°) is made, by Friedel and Crafts’ reaction, 
from benzoyl chloride and benzene: 

CeHsCOCl 4- CeHs (4- AlCls) — C 6 Hs • CO * CeHs + HC1. 

Phosphorus pentachloride converts this ketone into benzophenone chloride, 
CeHs * CC1 2 * CeHs. 
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Phenylaeetylene (b.p. 143°) is made by the removal of hy- 
drogen chloride from acetophenone chloride, through the agency 
of alcoholic potash : 

C 6 H 6 — CC1 2 — CH 3 + 2 C2H5OK 

— *■ C 6 H 5 — C=CH + 2 KC1 + 2 C 2 H 5 OH. 


This compound acts like other acetylene derivatives, forming 
addition products readily, and precipitating compounds of silver 
and copper from ammoniacal solutions of salts of these metals. 

Oxidation of side chains. Chromic acid, nitric acid, hot 
acid or alkaline solutions of permanganates, and some other 
oxidizing agents convert side chains into carboxyl groups. Re- 
gardless of the length or structure of the side chain, it is re- 
moved in the form of carbon dioxide and water, or other 
compounds of low molecular weight, leaving only the car- 
bon atom which is attached directly to the nucleus, this car- 
bon remaining as part of a carboxyl group. Thus, toluene, 
C 6 H 5 • CH 3 , ethylbenzene, C 6 H 5 • CH 2 • CH 3 , and isobutyl 
benzene, CeH 5 • CH 2 • CH(CH 3 ) 2 , yield the same compound, 
benzoic acid, CeHs • COOH, when oxidized. Oxidation of such 
compounds by physiological processes often results in the for- 
mation of acids in which the carboxyl group is not attached to 
the ring. Phenylbutyric acid, C 6 H 5 • CH 2 • CH 2 • CH 2 • COOH, 
is oxidized, in the living cells of the body, to phenylacetic acid, 
C 6 H 5 • CH 2 • COOH. 

If more than one side chain is attached to the same ring, a 
polybasic acid is produced. Thus paraxylene yields terephthalic 


ch 3 

0 

Cr 2 0 7 — 
^ 

COOH 

0 

ch 3 


V 

COOH 

2>-XyIene 


Terephthalic acid 


It is possible, however, to oxidize one side chain and leave an- 
other intact. Dilute nitric acid converts paraxylene into para- 


toluic acid : 


CH 3 


HNOs 
>■ 


ch 3 

2>-Xylene 



COOH 

p-Toluic acid 
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Benzene derivatives containing two side chains in ortho 
positions are oxidized to dibasic acids by perm a.nga.na t.p ions, 
but they are often oxidized to carbon dioxide and water by 
dichromate ions. 


CONDENSED NUCLEI 

Naphthalene, CioHg, is obtained from coal tar. It crystal- 
lizes from hot alcohol or ether in shining, colorless plates, 
melting at 80° and boiling at 218°. It is insoluble in water, 
sublimes slowly at room temperature, distills with steam, and 
has a characteristic odor. It is used in enormous quantities 
in the manufacture of the azo dyes, in the preparation of 
moth balls, in illuminating gas to increase the luminosity 
of the flame, and in the manufacture of phthalic acid. The 
naphthalene molecule consists of two benzene nuclei, having 
two carbon atoms in common : 


H H 

hc^Nd/^ch 


HC \ c / c \c^ ch 

H H 

Naphthalene 


When oxidized, naphthalene yields orf/iophthalic acid : 

H 

Q 

HC^ \c— COOH 


HC \ C / 


C— COOH 


H 

o-Phthalic acid 


This indicates that naphthalene contains a benzene ring 
with two side chains in ortho positions. That the two side 
chains constitute another benzene ring is shown as follows. 
Nitro substitution products of benzene are less susceptible to 
oxidation than are unsubstituted rings. Amino derivatives 
of benzene are more easily oxidized than are the unsubsti- 
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tuted rings. Now, nitronaphthalene on oxidation yields nitro- 
phthalic acid: 


H H. 

hc^' C \c //C Nch 
I II i I 

HC vA c !/ H 

no 2 h‘ 


HC 

I 

HC. 


H 

/\ 


C— COOH 

II 

,C — COOH 


no 2 

Nitrophthalic acid 


If the nitro group be reduced to an amino group before the 
oxidation is effected, then the substituted ring is broken, and 
ordinary unsubstituted phthalic acid is formed : 


H 


H 


hc^ C \c/ C Vh 
I | II I 

H %c/ C \c^ CH 

I'nh; h 


H 

C* 


HOOC — q / V)H 


HOOC— G^^CH 
H 

Phthalic acid 


Naphthalene yields two isomeric monosubstitution products ; 
ten disubstitution products if the substituents are alike, and 
fourteen if the two entering elements or groups are unlike. The 
positions in the molecule where substitution may occur are 
numbered as follows : 



It is obvious that a group attached to carbon atom 1, 4, 5, 
or 8 makes a compound that is not identical with the substance 
formed by placing the same substituent in position 2, 3, 6, or 7. 
The first numbers (1, 4, 5, and 8) are called alpha positions, the 
others are beta positions. Disubstitution products are often 
designated as ortho, meta, and para when the substituents are 
in the same ring, but numbers or letters are used when positions 
in both rings must be indicated. 

At temperatures between 700° and 1000° naphthalene and 
other aromatic hydrocarbons are formed in small quantities 
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from propane, butane, and other paraffins containing fewer 
than six carbon atoms, as well as from the higher members of 
the methane series.* 

Anthracene, CkHio (m.p. 218°, b.p. 342°), is obtained from 
coal tar, in which it occurs to the extent of 0.3 per cent to 0.5 
per cent. Phenanthrene and carbazole are found in the same 
fraction and are not separated from anthracene by distillation 


alone. 



is removed by distilling the 


mixture with potassium carbonate. The nonvolatile potassium 


carbazole, 


C 6 H4s 


>NK, remains in the retort. Phenanthrene is 


C e H/ 

removed by extraction with carbon disulfide, in which it is 
very soluble. 

When it is exposed to light, anthracene polymerizes to di- 
anthracene, C 2 sH 2 o. In the dark this polymer reverts to an- 
thracene. Many other reversible photochemical reactions are 
known. 

Anthracene may be prepared, by Friedel and Crafts’ re- 
action, from tetrabromoethane and benzene : 


H 

/\ 

HC CH 


HC 


w 

H 


H 

BrCBr HC^^CH 

I + I + II I 

CH BrCBr HC^^CH 
H H 


HC 


H H H 

/ c Vj /C ^/ G V!b: 

I II I +4HBr. 
H H H 


Other methods of preparation and most of the properties 
of anthracene indicate that the molecule has this structure. 

* Zanetti, J. Ind. and Eng . Chem 8, 674 (1916). 
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Positions in the molecule are indicated by numbers or by 
letters : 



Three monosubstitution products of anthracene may exist, and 
in many cases the three have been prepared. Fifteen disubsti- 
tution products could be made with similar substituents and 
many more with unlike groups. Not all these possibilities have 
been realized. 

Anthracene crystallizes in shining, fluorescent leaflets. It 
is insoluble in water, sparingly soluble in alcohol and ether, 
but it dissolves readily in hot benzene. It forms an insoluble 
compound with picric acid, C 14 H 10 • CeH 2 (N 02 ) 30 H. This 
product crystallizes in red needles that melt at 138°. A method 
for the quantitative estimation of anthracene is based on 
this reaction. Positions 9 and 10 are very reactive. Sodium 
amalgam in alcohol causes addition of hydrogen to each of 
these carbon atoms. Bromine rapidly replaces hydrogen in 
positions 9 and 10. A satisfactory laboratory method for 
making hydrobromic acid consists in dropping bromine on 
anthracene. Nitric acid oxidizes anthracene in positions 9 and 
10, forming anthraquinone. The reaction proceeds so rapidly 
that it is not possible to secure a nitro derivative of the 
unoxidized hydrocarbon: 


0 

H II 



O 


Anthracene Anthraquinone 


Further, treatment with nitric acid yields nitro derivatives of 
anthraquinone. 

Phenanthrene , C14H10, a coal-tar product isomeric with an- 
thracene, crystallizes in colorless plates. It dissolves in alcohol, 
forming a blue fluorescent solution. A mixture of sulfuric acid 
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and potassium dichromate converts it first into phenanthra- 
quinone and ultimately into diphenic acid : 



Phenanthrene 
(m.p. 96°, b.p. 340°) 


/CO— CO/ 

o — o> 


Phenanthraquinone 
(m.p. 207°, b.p. 360°) 


COOH 



The carbon atoms that are attached to hydrogen in the phenan- 
threne molecule are numbered as follows : 


H H 


H 
I 

*C— Q 


/C=* 

9 10 



H 
I 

c— a 


ho/' W ' V H. 


6 5 

'C=C' 

I I 

H H 


4 3 

'C=C' 
I I 

H H 


Anthracene is a valuable source of alizarin dyes and inter- 
mediates, but no important uses have been found for its isomer, 
phenanthrene. 

Reten, CisHjs, a homologue of phenanthrene, occurs in the 
gum and pitch of spruce and pine trees. It is l-methyl-4-iso- 
propylphenanthrene. 



It crystallizes in large leaflets with pearly luster, melts at 98.5°, 
and boils at 394°. It forms a molecular compound with picric 
acid that crystallizes in yellow needles, melting at 124°. 



HYDROCARBON DERIVATIVES 

ARYL HALIDES 

When benzene is floated on a solution of dilute sodium 
hydroxide and chlorine gas is bubbled through the mixture, an 
addition product, C6H 6 Cl6, is formed. When chlorine is passed 
into benzene in the presence of certain catalysts (halogen car- 
riers), substitution of the halogen for hydrogen occurs, with 
the formation of compounds of the types CeHsCl, C6H 4 C1 2 , 
and so on to CeCIc. The most effective catalysts are alu- 
minum chloride, iron filings, tin, iodine, and zinc chloride. 
Aromatic hydrocarbons having aliphatic side chains may be 
chlorinated either in the ring or in the side chain, the course 
of the reaction being determined by the control of the experi- 
mental conditions. In the absence of direct sunlight and in 
the presence of a catalyst, substitution occurs in the ring. In 
sunlight or at high temperatures, in the absence of a catalyst, 
substitution occurs in the side chain. The substitution of bro- 
mine for hydrogen in the nucleus or in the side chain of an 
aromatic hydrocarbon is accomplished in the same way. The 
iodides are prepared by indirect methods. 

Physical constants of a few halogen derivatives of aromatic 
hydrocarbons are given in the following tables : 


Chlorine Compounds 


Name 

Formula 

Melting 

Point 

Boiling 

Point 

Specific 

Gravity 

Chlorobenzene 

CeHsCl 

-45.2° 

132° 

1.106 (20°) 

1, 2-Dichlorobenzene . . . 

C 6 H 4 C1 2 

- 17.6° 

179° 

1.325 (0°) 

1, 3-Dichlorobenzene . . . 

C 6 H 4 CI 2 

-24.8° 

173° 

1.307 (0°) 

1, 4-Dichlorobenzene . . . 

C 6 H 4 CI 2 

+ 52° 

173° 

1.241 (63°) 

I, 2, 4-Trichlorobenzene . . 

CeHaCls 

+ 17° 

213° 

1.446 (26°) 

OrMochlorotoluene .... 

C 6 H 4 CICH 3 

-35.1° 

159.4° 

1 1.085 (18°) 

Afetochlorotoluene .... 

C 6 H 4 C1CH 3 

-47.8° 

162.4° 

1.072 (20°) 

Parachlorotoluene . : . . 

C 6 H 4 CICH 3 

+ 7.8° 

162.5° 

1.071 (18°) 

Benzyl chloride 

C 6 H 5 CH 2 C1 

-39° 

179.4° 

1.103 (18°) 

Benzal chloride 

CeH 5 CHCl 2 

- 17.4° 

214° 

1.295 (16°) 

Benzotrichloride .... 

C 0 H 5 CCI 3 

-4.8° 

220.7° 

1.378 (15°) 
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Bromine Compounds 


Name 

Formula 

Melting 

Point 

Boiling 

Point 

Specific 

Gravity 

Bromobenzene 

CeHsBr 

-30.5° 

156.2° 

1.497 (20°) 

1, 2-Dibromobenzene . . - 

CeH4Br2 

+ 1.8° 

221° 

2.003 (0°) 

1, 3-Dibromobenzene . . - 

C6EUBr2 

-6.9° 

217° 

1.955 (20°) 

1, 4-Dibromobenzene . . . 

CsH4Br2 

+ 86.8° 

219° 

1.954 (20°) 

1, 2, 3-Tribromobenzene . . 

CeHsBrs 

87.4° 

— 

2.658 (20°) 

1, 2, 4-Tribromobenzene . . 

CeHsBrs 

44° 

276° 

— 

1, 3, 5-Tribr omob enzene . . 

CeHsBrs 

120° 

278° 

— 

Orfftobromotoluene .... 

CeEUBrCHs 

-28.1° 

181.8° 

1.422 (20°) 

Metabromotoluene .... 

CeHiBrCHs 

- 39.8° 

183.7° 

1.410 (20°) 

Parabromotoluene .... 

CeBUBrCHs 

+ 28.2° 

183.6° 

1.310 (20°) 

Benzyl bromide 

CeHsCHaBr 

— 3.9° 

199° 

1.438 (22°) 

Orfftoxylyl bromide .... 

CeH^HsCHsBr 

+ 21° 

217.7° 

1.380 (22°) 

Dibromo-mefaxylene . . - 

CeH 2 Br 2 (CH 3 )2 
(4, 6 — 1, 3) 

72° 

256° 


Tribromomesitylene . . - 

CBr 3 (CH3)3 
(2, 4, 6—1, 3, 5) 

224° 




Chlorobenzene. Phenyl chloride, C 6 H 5 C1, a colorless liquid 
having an agreeable odor, boils at 132° and melts at - 45.2 . It 
is insoluble in water, but dissolves in all proportions in alcohol 
and in ether. It is prepared (1) by direct chlorination of ben- 
zene, or (2) by the action of phosphorus pentachloride on phenol, 
or (3) by warming benzene diazonium chloride with cuprous 

chloride : C(sH6 + Cl2 c 6 H 5 C1 + HC1. (D 

C 6 H 5 OH + PC1 5 — > CeHsCl + POCl 3 + HC1. (2) 

C6H5N2CI + CuCl — *- CeHsCl + N2 + CuCl. (3) 

The second equation represents a method that is not very 
useful. The hydroxyl group in a phenol is not easily replaced, 
even under the influence of a powerful reagent like phosphorus 
pentachloride, and the yield of the halogen derivative is always 
email In this respect phenols differ from alcohols. 

Bromobenzene. Phenyl bromide, C 6 H 5 Br, resembles chloro- 
benzene in most respects and is prepared by similar methods. 
It melts at - 30.5°. boils at 156.2°, and has a . specific gravity 

of 1.497 at 20°. , , .. ., 

Iodobenzene. Phenyl iodide, C 6 H 5 I, is a colorless liquid 
having a density of 1.861 at 0° C. It melts at —31.4 and 
boils at 188.6°. It is usually prepared by means of the diazo 
reaction (see pages 224 and 227). Iodine does not act upon 
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benzene at low temperatures, but the preparation of C 6 H 5 I 
can be accomplished by heating a mixture of benzene, iodine, 
and iodic acid in a sealed tube. The hydrogen iodide formed is 
oxidized to iodine and water by the iodic acid, and reversal of 
the process of substitution is thus prevented. 

SULFONIC ACIDS 

Fuming sulfuric acid acts upon aromatic hydrocarbons form- 
ing sulfonic acids. Ordinary concentrated sulfuric acid accom- 
plishes the same thing but requires a higher temperature and 
a longer time : 

C 6 H 6 + H 2 S0 4 — C 6 H 5 • SOsH + H 2 0. 

If fuming sulfurie acid is used, two or even three hydrogen 
atoms may be replaced by SO3H groups. The formation of 
benzenetrisulfonic acid is catalyzed by silver sulfate. 

The sulfur atom in a sulfonic acid is linked to carbon directly 
and not through oxygen, as indicated by the fact that thio- 
phenol, C 6 H 5 SH, when oxidized, yields the same benzenesulfonic 
acid that is produced by the action of sulfuric acid on benzene. 

The free aromatic sulfonic acids are colorless, crystalline 
compounds. They are soluble in water and most of their me- 
tallic derivatives are soluble. The separation of benzenesulfonic 
acid from the excess of sulfuric acid used in the reaction is 
accomplished by diluting the mixture and neutralizing it with 
barium carbonate. The barium salt of the sulfonic acid is 
soluble. It is freed from the precipitated barium sulfate by 
filtration and obtained in crystalline form by evaporation of the 
filtrate. The free acid is obtained from the salt by distillation 
with the calculated quantity of sulfuric acid. 

The free acid or the salt may be converted into an acid chlo- 
ride by treatment with phosphorus pentachloride : 

C 6 H 5 • S0 2 0Na + PC1 5 — C 6 H 5 • S0 2 C1 + NaCl + POCI 3 . 

Benzenesulfonyl chloride, C 6 H 5 SO 2 CI, is an oily liquid (sp. gr. 
1.384, m.p. 14.5°, b.p. 247°). Corresponding derivatives of the 
homologues of benzene are solids at room temperature. From 
them the sulfonic amides are prepared by the action of ammonia 
or ammonium carbonate : 

C 6 H 5 • S0 2 C1 + 2 NH 3 — C 6 H s • SO 2 NH 2 + NH 4 CI. 
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Reactions of benzenesulfonyl chloride with primary and sec- 
ondary amines have been mentioned (see page 67). 

Groups that cannot be substituted for hydrogen directly 
may often be introduced into the ring through the agency 
of sulfonic acids. This is, in fact, one of the most important 
applications of sulfonation in the aromatic series. The hy- 
droxyl group is introduced by fusing the potassium salt of a 
sulfonic acid with potassium hydroxide. Many phenols and 
naphthols are prepared commercially by means of this reaction : 

C 6 H 5 S0 3 K + KOH — > CsHsOH + K 2 S0 3 . 

Nitriles are formed by fusing the salt of a sulfonic acid with 
potassium cyanide : 

CeHsSOsK + KCN — C 6 H 5 CN + K 2 S0 3 . 

Sodium amide serves to introduce the amino group, and in 
many cases concentrated nitric acid substitutes the nitro group 
for the S0 3 H radical. 

Naphthalenesulfonic adds are formed by the direct action 
of sulfuric acid upon naphthalene. When the reaction occurs 
at temperatures below 100°, a-naphthalenesul f onic acid is the 
principal product. Higher temperatures promote the produc- 
tion of the /3 derivative. 



a-Naphthalenesu]fomc add jS-Naphthalenesulfonic acid 

(m.p. 90°) (m.p. 161°) 

They are colorless, crystalline, deliquescent compounds. 

NITRO COMPOUNDS 

Direct nitration of an aromatic compound is accomplished 
by the action of concentrated nitric acid or a mixture of nitric 
and sulfuric acids : 

C 6 H 6 + HN0 3 — >- C 6 H 5 N0 2 + H 2 0. 

Dilution with water promotes ionization of the nitric acid 
and retards the change. Hydroxyl groups and not hydrogen 
ions must be furnished by the nitric acid. By using a large 
excess of sulfuric acid to absorb the water formed in the reac- 
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tion, the quantity of nitric acid may be reduced to the theo- 
retical requirement as calculated from the equation. This is 
a matter of economic importance since nitric acid is much more 
expensive than sulfuric acid. 

Nitration is effected at temperatures as low as possible, for 
nitric acid is a vigorous oxidizing agent and may decompose the 
compound under treatment. The oxidizing action is acceler- 
ated by elevating the temperature. At temperatures below zero 
it is possible to nitrate some aromatic aldehydes without con- 
verting the aldehyde group into a carboxyl group. Aliphatic hy- 
drocarbons require high temperatures for nitration, and in such 
cases oxidation is cheeked by using dilute acid. Many deriva- 
tives of benzene require a high temperature and high concentra- 
tion of acid to accomplish nitration, and under these conditions 
there is usually considerable loss of material through oxidation. 

Groups already in the ring influence the rate of nitration. 
Groups that orient the entering substituent to the meta posi- 
tion retard nitration, and groups that orient to the ortho and 
para positions facilitate the reaction (see Crum-Brown and 
Gibson Rule). Benzoic acid, C 6 H 5 COOH, resists nitration; 
but, on the other hand, phenol, C 6 H 5 OH, can be nitrated by 
cold dilute nitric acid. In the case of benzene itself one nitro 
group is easily introduced, even in the presence of a small 
amount of water. To place a second nitro group in the same 
ring one must use concentrated acid. A third nitro group enters 
only at higher temperatures, and not more than three such 
groups may be introduced by direct nitration. 

Homologues of benzene, having aliphatic side chains, are 
nitrated in the ring by cold concentrated nitric acid, or in the 
side chain by hot dilute acid. 

Nitrobenzene, C 6 H 5 NO 2 , is a pale yellow liquid (m.p. 5.7°, 
b.p. 210.9°, sp. gr. 1.204). It is practically insoluble in water, 
but it dissolves in alcohol. Its odor resembles that of almonds. 
It is the chief commercial source of ■ aniline, and is manu- 
factured in large quantities for the production of aniline dyes. 

Equal volumes of concentrated nitric acid and concentrated sulfuric acid 
are mixed and cooled to 50°. The acids are added very slowly and with 
constant agitation to the benzene. The mixture is stirred and maintained at 
50° for about an hour, then poured into a large volume of cold water. 
Nitrobenzene forms a liquid layer under the water. After washing it free 
from acid and drying it with calcium chloride, it is distilled. 
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Dinitrobenzene. In the ordinary process of making mono- 
nitrobenzene, a small quantity of dinitrobenzene appears as a 
by-product. To make dinitrobenzene the principal product, 
it is necessary to nitrate at a higher temperature or to employ 
fuming nitric acid. Three compounds corresponding to the 
formula C 6 H 4 (N 0 2 )2 are known; but if prepared by direct 
nitration of benzene, the meta compound constitutes by far 
the greater part of the yield : 


N0 2 no 2 no 2 



no 2 


o-Dinitrobenzene m-Dinitrobenzene p-Dinitrobenzene 

(m.p. 116.5% b.p. 319°) (m.p. 91% b.p. 302°) (m.p. 172% b.p. 299°) 

A mix ture of concentrated nitric and fuming sulfuric acids 
converts meZadinitrobenzene into symmetrical trinitrobenzene, 


NO 

no 2 <0 


2 


N0 2 


Nitrotoluenes. The first products obtained in the nitration 
of toluene are param trotoluene and orZ/ionitrotoluene. A very 
small amount of the meta, compound is generally formed also : 


CH 3 

Qno 2 


o-Nitrotoluene 
(m.p. 10.5% b.p. 222°) 



m-Nitrotoluene 
(m.p. 16% b.p. 230°) 


CH 3 


no 2 

p-Nitrotoluene 
(m.p. 51.3% b.p. 238°) 


Further nitration produces dinitro bodies and finally one or 
more of the six isomeric trinitrotoluenes. Symmetrical trini- 
trotoluene, a powerful explosive, predominates in the mixture : 


CH 3 

Q +3HN0 3 


ch 3 



-f- 3 H 2 0. 


no 2 


Sym. trinitrotoluene 


Toluene 
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Trinitrotoluene was manufactured in enormous quantities for 
use in the war of 1914-1918. It was commonly called T.N.T. 
The substance is a fairly stable, pale yellow solid. It can be 
handled safely, for it is not detonated by an ordinary shock. 

Elements or groups attached to carbon atoms in the ring 
are less firmly held in nitro compounds than they are in ben- 
zene derivatives that have not been nitrated. Thus in chloro- 
benzene, C 6 H 5 C1, the chlorine atom is so firmly held that 
boiling with an aqueous solution of potassium hydroxide fails to 
remove it. On the other hand, trinitrochlorobenzene yields its 
chlorine in a simple hydrolysis through the action of hot water : 


Cl 

no 2 Ano 2 


+ HOH- 


N0 2 

Trinitrochlorobenzene 


OH 

N0 2 |Qn0 2 

no 2 

Picric acid 


+ HC1. 


Hydrogen atoms as well as halogen atoms become more re- 
active under the influence of the nitro groups. Trinitrobenzene 
is easily oxidized to picric acid ; but benzene is not converted 
into phenol by the same process. Finally, a nitro group is 
itself rendered more reactive by the presence of other nitro 
groups in the same ring. Mononitrobenzene does not react with 
alcoholates; ort/iodinitrobenzene and paradinitrobenzene and 
symmetrical trinitrobenzene react readily with alcoholates, sub- 
stituting an alkoxyl group for one of the nitro groups. Meta- 
dinitrobenzene, however, does not respond in the same way. 

/NO 2 /OC2H5 

C 6 H 4 < + C 2 H 5 ONa — C 6 H 4 < + NaN0 2 . 

\N0 2 x N0 2 

Dinitrobenzene 
(1 ortho or ‘para ) 

Similarly, one of the N0 2 groups may be replaced by OH by 
boiling with sodium hydroxide, or by NH 2 through the action 
of an alcoholic solution of ammonia. 


REDUCTION OF NITROBENZENE 

Nitrosobenzene, C6H5NO, exists at low temperatures in the 
form of large, colorless, monoclinic crystals 'melting to an 
emerald green liquid at 68°. It is the first reduction product 
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of nitrobenzene, but cannot be isolated from a reducing me- 
dium, since it is rapidly converted to /3-phenylhydroxylamine, 
CeHsNHOH. The reaction is, therefore, allowed to proceed to 
the /3-phenylhydroxylamine stage, and this compound is then 
oxidized to nitrosobenzene by means of cold chromic acid. 
Nitrosobenzene explodes when heated with oxygen under 
twenty-five atmospheres of pressure. It combines with aniline, 
forming azobenzene, C 6 H 5 — N=N — C6H 5 ; with phenylhy- 
droxylamine, forming azoxybenzene, 


CeHs — N — N — C 6 H 5 ; 

\/ 

O 

and with hydroxylamine, forming diazobenzene, 


CeHs— N=N— OH. 

In each of these reactions water is formed also. 

Azoxybenzene, 

C 6 Hs— N—N— C 6 H 5 , 

\/ 

0 

crystallizes from hot alcohol in the form of pale yellow needles, 
melting at 36.2°. It is obtained by reducing nitrobenzene with 
a hot alcoholic solution of sodium ethylate : 

4 C 6 H 5 NO 2 4" 3 C2H 5 ONa 

— y 2 (C 6 H5)2N 2 0 + 3 CHsCOONa + 3 H 2 0. 

Azobenzene, CeHs — N=N — CeHs (m.p. 67°, b.p. 297.4°), - is 
prepared by reducing nitrobenzene with sodium stannite 
(SnCl 2 in an excess of NaOH) : 

2 CeH 5 N02 + 4 Na 2 Sn0 2 — *- (CeHs) 2 N 2 + 4 Na 2 Sn0 3 . 

Nitrobenzene Sodium stannite Azobenzene Sodium stannate 

Azobenzene crystallizes in orange-red leaflets. It is insoluble in 
water but soluble in alcohol and in ether. 

Hy dr azobenzene, CeHs — NH — NH — CeHs (m.p. 131°), is^ a 
colorless, crystalline compound which decomposes below its 
boiling point and is converted by mild oxidizing agents, such 
as ferric chloride or even atmospheric oxygen, to azobenzene. 
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In the presence of a strong acid it undergoes the Hofmann re- 
arrangement, yielding benzidine. Hydrazobenzene is obtained 
by reducing an alcoholic solution of nitrobenzene with zinc 
dust and potassium hydroxide : 

2 C 6 H 5 N0 2 + 10 KOH + 5 Zn 

— (C 6 H 5 ) 2 N 2 H 2 + 5 K 2 Zn0 2 + 4 H 2 0. 

I 8-Phenylhydroxylamine, C 6 H 5 NHOH, a colorless, crystalline 
substance melting at 82°, is obtained from nitrobenzene by 
the action of zinc dust and hot water or by the electrolytic 
reduction of nitrobenzene: 

C 6 H 5 N0 2 + 2 Zn + 8 H 2 0 — > C 6 H 5 NHOH + 2 Zn(OH) 2 . 

Aniline, CgH 5 NH 2 , is the final reduction product of nitro- 
benzene. It is a compound of very great importance on account 
of its useful derivatives. It is described in connection with 
the aromatic amines and the dyes. Aniline is a colorless liquid. 
It is prepared commercially by warming a mixture of nitro- 
benzene, iron, and dilute hydrochloric acid : 

CeHsNOa + 3 Fe + 6 H+ — >- C 6 H 5 NH 2 + 3 Fe++ + 2 H 2 0. 

The reaction does not stop with the oxidation of the iron to 
the ferrous state. Ferrous ions are capable of reducing nitro- 
benzene : 

C 6 H 5 N02 + 6 Fe++ + 6 H+ — >• C 6 H 5 NH 2 + 6 Fe+ + + + 2 H 2 0 
or 

C 6 H s N 0 2 + 2 Fe + 6 H+ — >- C 6 H 5 NH 2 + 2 Fe+++ + 2 H 2 0. 

When the added acid has been used in these reactions, the 
hydrolysis of ferric ions maintains a sufficient hydrogen ion 
concentration to continue the reduction process as long as 
free iron and nitrobenzene are present : 

Fe + + + + 3 H 2 0 — ► Fe(OH) 3 + 3H+. 

The reduction of nitrobenzene could, therefore, be accomplished 
by heating it with water, iron, and a ferric salt without the 
addition of an acid. In the reduction of nitrobenzene with tin 
and hydrochloric acid, stannic chloride is formed unless an 
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excess of the metal is used. The reactions leading to the forma- 
tion of stannous and stannic salts may be written 

C 6 H 5 N0 2 + 3 Sn + 6 H+ — *- C 6 HoNH 2 + 3 Sn ++ + 2 H 2 0 
and 

2 CeHsNOs + 3 Sn + 12 H+ 

— > 2 C 6 H s NH 2 + 3 Sn++++ + 4 H 2 0. 

Stannic salts, like ferric salts, are readily hydrolyzed. The main 
stages in the reduction of nitrobenzene by electrolytic processes, 
whether in acid or in alkaline solution, are : nitrobenzene — *» 
nitrosobenzene — *• phenylhydroxylamine — aniline. 

In any reduction process nitro compounds yield mixed prod- 
ucts ; but, by proper control of the conditions, it is possible 
to make any required type of product predominate. The ulti- 
mate reduction product of a nitro compound is an amine, and 
if a vigorous reducing agent is employed, this is obtained 
whether the reaction is carried out in acid, neutral, or alkaline 
solution. The intermediate products, however, are different 
in the three cases. By suitable choice of reducing agent and 
careful control of the hydrogen or hydroxide ion concentration 
the various intermediate products may be isolated. 

In the first stage, nitrobenzene is converted into nitrosoben- 

zene: C 6 H 5 N0 2 — v CgHsNO. (1) 

Nitrosobenzene is reduced much more rapidly than is nitro- 
benzene and therefore it can never accumulate in the reaction 
mix ture. Its transitory existence is proved by the fact that 
when nitrobenzene is reduced in the presence of hydroxylamine, 
benzenediazonium hydroxide is formed. This must be accom- 
plished by a reaction between nitrosobenzene and hydroxyl- 
amine : 

CeHsNO + HsNOH — C 6 H 5 — N=N— OH + H 2 0. (2) 

/3-PhenylhydroxyIamine may be isolated if the reduction of 
nitrobenzene is carried out in neutral solution. In the pres- 
ence of acids /3-phenylhydroxylamine is reduced to aniline or 
converted by an intramolecular rearrangement into para~ 
aminophenol : 

C 6 H 5 NHOH — C 6 H 5 NH 2 . (Reduction) (3) 

C 6 H 5 NHOH — >• HOC 6 H 4 NH 2 . (Rearrangement) (4) 
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In alkaline solution it condenses with nitrosobenzene, forming 
azoxybenzene : q 

C 6 H 5 NO + CeHaN^ — >■ C 6 H 5 N— isfCeHs + H 2 0. (5) 

It also undergoes intramolecular oxidation and reduction: 

2 CeHsNHOH — C 6 H 5 NO + C 6 H 5 NH 2 + H 2 0. (6) 

Azoxybenzene, therefore, represents the first product that is 
obtained from nitrobenzene by reduction in an alkaline me- 
dium. Unless a reagent is chosen which carries the reduction 
to this stage only, the azoxybenzene is converted progres- 
sively into azobenzene, C 6 H 5 — N=N — C 6 H 5 , hydrazobenzene, 
C 6 H 5 — NH— NH— CcH 5 , and finally to aniline, C 6 H 5 NH 2 . 

Of the compounds listed above, those which contain two 
nitrogen atoms in the molecule are derived from azoxybenzene. 
Their production depends upon the condensation between ni- 
trosobenzene and phenylhydroxylamine (equation 5). This pro- 
ceeds very slowly in the presence of hydrogen ions and rapidly 
in the presence of hydroxide ions. Hence the azoxy, azo, and 
hydrazo compounds are not formed in acid reduction but are 
found among the alkaline reduction products. Unless a proper 
choice of reducing agent has been made, hydrazobenzene does 
not accumulate in the reaction mixture ; for, in acid solution, 
it either responds to the benzidine change or is reduced to 
aniline ; and in alkaline solution, it is reduced to aniline, or, if 
the reducing agent is no longer active, it is oxidized by un- 
changed nitrobenzene to azoxybenzene and azobenzene. 

The benzidine change, which is induced by the presence of 
hydrogen ions, is an example of the Hofmann rearrangement. 
The group marked "2” migrates from the nitrogen of group 1 
to the para position of ring a, and the para hydrogen of ring 
a passes to the nitrogen of group 1, forming a semidine : 


a >— NH— NH- 


1 2 

Hydrazobenzene 


-NH— <jT>— nh 2 . 


2 1 

Semidine 
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This semidine is still a substituted aniline, and group 1 mi- 
grates from the nitrogen of group 2 to the para position in 
ring 6, the para hydrogen of ring b passing to the nitrogen 
of group 2. The final product of this reaction is benzidine : 



Semidine Benzidine 


Benzidine crystallizes in colorless, lustrous scales. It melts 
at 128.7° and boils at 401.7°. Only 0.94 g. of benzidine will 
dissolve in 100 g. of boiling water, but it is quite soluble in 
alcohol. Benzidine is manufactured in large quantities for the 
dye industry. 
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The aromatic amines are derivatives of ammonia in which 
hydrogen has been replaced by aryl groups. They are color- 
less liquids or colorless, crystalline solids, possessing charac- 
teristic odors. The primary amines are weak bases : secondary 
amines are still weaker, forming salts with strong acids only, 
and these salts are almost completely hydrolyzed in aqueous 
solution. Tertiary aromatic amines do not form salts with acids. 

The substitution of an amino group for hydrogen in the ring 
renders the remaining hydrogen atoms of the nucleus more 
reactive. This applies especially to hydrogen in the ortho and 
para positions. Thus, although bromine water is almost with- 
out action on benzene, it rapidly converts aniline into tribromo- 


aniline : 


NH 2 


-j- 3 Br 2 



+ 3 HBr. 


Alkyl halides form addition products with primary aro- 
matic amines. Subsequent elimination of a halogen acid, by 
treatment with an alkali, gives rise to mixed aromatic-aliphatic 
secondary amines : 

C 6 H 5 NH 2 + CHsI — *■ C6H5NH2CH3I ; 
C6H 5 NH 2 CH 3 I + NaOH — > C 6 H 5 NHCH 3 + Nal + H 2 0 . 

A tertiary amine may be made by a similar series of reactions 
(see Dimethylaniline, p. 222). 


PRIMARY AMINES 

Primary aromatic amines react with aldehydes, eliminating 
water : 

C 6 H 5 CHO + H 2 N— C 6 H 5 — > C 6 H 5 CH=N— CeHs + H 2 0 . 

B enzaldehy de Aniline Benzalaniline 

They react with the alkali metals, forming saltlike deriva- 
tives in which the metal is attached to nitrogen. Potassium, 

216 



AROMATIC AMINES 217 

for instance, dissolves rapidly in hot aniline, liberating hydrogen 
and producing the salts CeHsNHK and C 6 H 5 NK 2 . 

At low temperatures (0° to 10°) nitrous acid converts primary 
aromatic amines into diazonium compounds. At higher tem- 
peratures the diazonium salts decompose, with an evolution 
of nitrogen, yielding phenols. The net result at high tempera- 
tures is comparable, therefore, to the production of an alcohol 
from an aliphatic amine : 

C 6 H 5 NH 2 + HN0 2 — C 6 H 5 N 2 OH + H 2 0 ; 
C 6 H 5 N 2 OH — C 6 H 5 OH + N a . 

Aniline is a colorless liquid, boiling at 184.4°. It is readily 
nitrated and sulfonated by concentrated nitric acid and sul- 
furic acid respectively. Water saturated with the amine 
at ordinary temperatures contains about 3 per cent of ani- 
line by weight. Salts of aniline, such as the hydrochloride, 
C 6 H 5 NH 2 • HC1, and sulfate, (C 6 H 5 NH 2 ) 2 H 2 S 04 , are crystal- 
line compounds readily soluble in water. 

With formaldehyde aniline forms a crystalline condensa- 
tion product, anhydroformaldehyde aniline, (C 6 H 5 • N : CH 2 ) 3 > 
melting at 40°. This may be reduced to methylaniline by treat- 
ment with tin and hydrochloric acid. 

Aniline reacts with acetyl chloride, yielding acetanilide: 

C 6 H 5 NH 2 + CH 3 COCI — C 6 H 5 NHCOCH 3 + HC1. 

Acetanilide is a colorless crystalline compound (m.p. 114.2°, 
b.p. 303.8°). It is used in medicine as a febrifuge. The same 
product may be obtained by heating aniline with acetic acid. 
Aniline acetate is first formed, but the salt decomposes at 150°, 
yielding acetanilide and water : 

C 6 H 5 NH 2 + CH 3 COOH — CHsCOONHsCeHs ; 
CH 3 COONH 3 C 6 H 5 — ^ CH 3 CONHC 6 H 5 + H a O. 

In a solution of bleaching powder aniline produces a violet 
color. The reaction mixture contains phenylchloroamine, 
C 6 H 5 NHC1, and the color is probably due to a condensation 
product of phenylchloroamine with aniline. 

Aniline is manufactured in large quantities to supply the 
demands of dye factories. It is used also as a laboratory source 
of phenols, sulfonic acids, nitroanilines, and homologues of 
aniline. The preparation of aniline has been described. 
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HOMOLOGUES OF ANILINE 

Among the more important compounds derived from aniline 
by substituting alkyl radicals for hydrogen in the ring are the 
toluidines and xylidines. There are three toluidines and six 
xylidines. The toluidines and xylidines resemble aniline in 
chemical properties, and some of them are used extensively in 
the dye industry. 


CH S CH 3 CH 3 



nh 2 - 


o-Toluidine w-Toluidine p-Toluidine 

(b.p. 200.7°) (b.p. 203°) (b.p. 200.5°)- 

Orf&otoluidine and purutoluidine are prepared by reduction 
of the corresponding nitro compounds, obtained through direct 
nitration of toluene. Ortfeotoluidine is a liquid, colorless when 
pure, but red as ordinarily prepared. Parotoluidine is a crys- 
talline solid (m.p. 43.7°). ilfeiatoluidine, a liquid, is prepared 
by reduction of metanitrobenzal chloride. 

The xylidines are represented by the formulas below. The 
abbreviations o, to, p, and v refer to ortho, meta, para, and 
vicinal positions. A vicinal compound is one having a sub- 
stituent on each of three adjacent carbon atoms in the nucleus. 


NH 2 



tf-o-Xylidine or 
1, 2, 3-xylidine 
(b.p. 223.8°) 



ch 3 

Unsym. m-xylidine or 
1, 3, 4-xylidine 
(b.p. 216°) 


ACH 3 

H 2 N\^/CH 3 

Unsym. o-xylidine or 
1, 2, 4-xylidine 
(m.p. 49°, b.p. 226°) 



ch 3 

Sym. ra-xylidine or 
1, 3, 5-xyIidine 
(b.p. 221°) 



ch 3 


r-ra-Xylidine or 

1. 3. 2- xylidine 
(b.p. 216.9°) 

ch 3 

Qnh 2 

ch 3 

P-Xylidine or 

1. 4. 2- xylidine 
(m.p. 16°, b.p. 217°) 
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Symmetrical mettox ylidine is prepared from mesitylene. The 
principal reactions are outlined below. 

CH 3 CH 3 

<^"SCH 3 + 2 HNOs — > >COOH + 2 NO + 2 H 2 0. 

CH 3 CH 3 

Mesitylene Mesitylenic acid 

Nitro compounds formed as by-products in the above reaction 
are reduced to amines by tin and hydrochloric acid. The amines 
dissolve in the hydrochloric acid, and the mesitylenic acid re- 
mains as a solid residue. Phosphorus pentachloride converts 

the acid into an acid chloride, and the latter reacts with a cold 
concentrated aqueous solution of ammonia to form a crystalline 
amide. A solution of sodium hydroxide and bromine converts 
the amide to an amine.* 


CH 3 

<^>C0NH 2 + 4 NaOH + Br 2 
CH 3 

Mesitylenic amide 


ch 3 


<^>NH 2 -f- Na 2 C0 3 -f" 2 NaBr -1- 2 H 2 0. 


ch 3 

1, 3, 5-Xylidine 


Commercial xylidine, obtained from crude xylene (o, m, and p 
xylene) by nitration and subsequent reduction, contains all the 
xylidines except the 1, 3, 5 compound. 


NAPHTHYLAMINES 

a-N aphthylamine, C10H7NH2, crystallizes in the form of 
needles. It is a colorless compound which has a disagreeable 
odor. It is very slightly soluble in water, but it dissolves 
readily in alcohol and ether. With acids it forms salts that 
are soluble in water, and these salts form blue precipitates 
when treated with oxidizing agents such as ferric chloride, 
mercuric nitrate, or chromic acid. a-N aphthylamine is made 


* See the Hofmann Rearrangement, p. 412. 
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from a-nitronaphtbalene by reduction with iron and hydro- 
chloric acid. N0 2 NH 2 


a-Nitronaphthalene 
(m.p. 59% b.p. 304°) 


a-N aphthylamine 
(m.p. 50°, b.p. 301°) 


j3-N aphthylamine, C 10 H 7 NH 2 , crystallizes in pearly plates. It 
is odorless and practically insoluble in water. /3-Naphthol is con- 
verted into /3-naphthylamine by heating it with zinc chloride 
and ammonia: 

C0“ 

0-Naphthol 
(m.p. 122% b.p. 286°) 


CO”"' 

0-N aphthylamine 
(m.p. 112% b.p. 306°) 


This method can be applied with equal success in the prepara- 
tion of a-naphthyl amine. Both of these amines are manu- 
factured in large quantities for use in the dye industry. 

The naphthylaminesulfonic acids also are used in large 
quantities in the preparation of dyes. These derivatives may 
be made by the action of sulfuric acid on the naphthylamines 
or by reducing nitronaphthylaminesulfonie acids. The fol- 
lowing sulfonic acids are produced when concentrated sulfunc 
acid acts on a-naphthylamine : 



l-Naphthylamine- 1-N aphthylamine- 1-Naphthylamine- 

4-sulfonic acid 5-sulfonic acid 6-Bulfomc acid 


The first member of this group, l-naphthylamine-4-sulfonic 
acid, is commonly called naphthionic acid. 

Among the more important sulfonic acid derivatives of 
(S-naphthylamine are the following : on tt 



2-N aphthyla.mine-6-sul- 
fonic add 


2-N aphthylamrie- 
3, 6-disulfonie acid 


2-N aphthylamine- 
6, 8-disulfonic add 
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SECONDARY AMINES 


Diphenylamine, (C6H 5 )qNH (m.p. 53°, b.p. 302°), a crystal- 
line substance having a pleasant odor, is a typical secondary 
aromatic amine. It is prepared by heating a mixture of ani- 
line hydrochloride and free aniline, or from bromobenzene and 
potassium anilide : 

C 6 H 5 NH 2 • HC1 + C 6 H 5 NH 2 — (C 6 H 5 ) 2 NH + NH 4 CI. 

CeHgNHK + C 6 H 5 Br — > (C 6 H S ) 2 NH + KBr. 

Diphenylamine is oxidized by nitric acid, bromine water, 
chromic acid, and other oxidizing agents. It yields colored 
oxidation products — usually blue. Not all these products have 
been identified. 

Methylaniline, C 6 H 5 NHCH 3 (b.p. 195.7°, sp. gr. 0.987), is a 
yellow liquid, obtained from aniline by replacing one hydrogen 
atom of the amino group by the methyl radical. This may be 
accomplished through the direct action of methyl iodide on 
aniline and subsequent treatment with an alkali, but the prod- 
uct obtained in this way is contaminated with dimethylaniline. 
To obtain the pure secondary amine the following procedure is 
adopted. Aniline is boiled with glacial acetic acid to form 
acetanilide, CeH 5 • NH - CO • CH3, which is converted by methyl 
iodide into methylacetanilide : 

/H CH 3 I /CH 3 

C 6 H 5 • N< %■ C 6 H 5 • N< + HI. 

\coch 3 x COCH 3 


This product is hydrolyzed by boiling it with a solution of 
sodium hydroxide, and the methylaniline is obtained by ex- 
tracting with ether or by distilling with steam. 

Among the secondary amines that have important thera- 
peutic uses, adrenaline and ephedrine may be mentioned. 
Adrenaline causes contraction of the small arteries and is 
used to increase blood pressure. It may be obtained from the 
suprarenal glands of the horse or it may be synthesized from 
catechol and chloroacetyl chloride : 


=0 


+ C1CH 2 C0C1 


ho/\coch 2 ci 

H0 V 


+ HC1. 


Catechol 


Chloroacetyl 

chloride 


Chloroacetyl 

catechol 
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Methylamine reacts with chloroacetyl catechol, forming an 
amino ketone, (OH) 2 C 6 H 3 COCH 2 NHCH 3 , which is then re- 
duced to adrenaline, 

HOACHOH— CHa— NH— CH 3 

H0 V 

Adrenaline 

Ephedrine is used in the treatment of asthma and for other 
purposes. Methylphenyl diketone reacts with methylamine in 
alcohol as follows : 

C 6 H 5 — CO— CO— CH 3 + CH3NH2 

— c 6 h 5 — CO— c— ch 3 + h 2 o. 

II 

N — CH 3 

The condensation product is reduced by hydrogen with nickel 
as a catalyst : 

CeHs— CO— C— CH S + 2 H 2 — *- C 6 H 5 — CHOH— CH— CH 3 . 

II I 

N — CH 3 NH— CH 3 

Ephedrine 

The amine is usually isolated and used in the form of a hydro- 
chloride. 


TERTIARY AMINES 

Triphenylamine, (CeHsHN (m.p. 126°, b.p. 365°), is a crys- 
talline solid, soluble in acetone and benzene, and practically 
insoluble in water. It has no basic properties, differing in this 
respect from the tertiary aliphatic amines. It is prepared by 
heating diphenylamine and bromobenzene with sodium. A 
sodium derivative of diphenylamine is the first product formed : 

(CeH 5 ) 2 NNa -f- CeHgBr — ► (C6Hs) 3 N + NaBr. 

Dimethylaniline, C6H 5 N(CH 3 ) 2 (m.p. 1.7°, b.p. 193.5°), a pale 
yellow oil having a disagreeable odor, may be prepared from 
aniline and methyl iodide. An addition product is formed from 
which hydrogen iodide may be removed by distillation with an 
alkali. This gives rise to monomethylaniline, and a repetition 
of the process results in the formation of dimethylaniline : 
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C 6 H 5 NH 2 + CH 3 I ■ 

CeHs. 

>NH 2 I + NaOH 

ch 3 / 

C 6 H 5x 

>NH + CH 3 I 
CH 3 / 

CeHsx 

CH 3 - 7 NHI + NaOH 

ch 3 / 


c 6 h 5x 

>NH 2 I; 

ch 3 / 

c 6 h 5x 

>NH + Nal + H 2 0 ; 

ch 3 / 

C 6 H 5 \ 

- CHs-^NHI; 

ch 3 / 

CeHsx 

■ CH 3 - 7 N + Nal + H 2 0. 

ch 3 / 


Commercially, the amine is manufactured by heating aniline 
hydrochloride with methyl alcohol. A mixture of aniline hy- 
drochloride and methyl alcohol heated to 250° in an autoclave 
gives a mixture of aniline, toluidine, xylidine, and mesidine. 
By proper control of the conditions this method may be used 
in the preparation of almost any one of the possible products. 
The mechanism of the reaction is discussed under the Hofmann 
rearrangement. 

The para hydrogen atom in dimethylaniline is very reactive. 
As a result, dimethylaniline forms condensation products with 
a variety of reagents. The following examples are typical: 

1. With aldehydes : 


C 6 H 5 CHO + 


HC 6 H4N(CH 3 ) 2 

HC 6 H4N(CH 3 )2 


2. With phosgene : 

/Cl HC 6 H 4 N(CH 3 ) 2 
CO< + 

\C 1 HC 6 H4N(CH 3 )2 


/C 6 H4N(CH 3 )2 

c 6 h 5 ch< + h 2 o. 

x C 6 H4N(CH 3 ) 2 

Leuco-base of malachite green 


/C 6 H4N(CH 3 ) 2 
CO< +2HC1. 

\C 6 H4N(CH 3 ) 2 

Michler’s ketone 


3. With fuming nitric acid : 

HNOs 


<^>N(CHa) 2 


no 2 Cil3 
£ no 2 < >—N< 

no 7 Xn ° 2 

Trinitr ophenylmethylnitr oamine 
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4. With nitrous acid : 

<3>N(CH 3 ) 2 5^2 ON<^>N(CH 3 )2 + H 2 0. 

N itrosodimethylaniline 

Niti'osodimethylaniline crystallizes in green plates, melting at 
85°. Potassium permanganate oxidizes the nitroso group to a 
nitro group. All secondary aromatic amines react with nitrous 
acid, forming nitrosoamines, the NO group being attached to 
the nitrogen of the amino group ; and primary aromatic amines 
are diazotized by nitrous acid. 

THE DIAZO REACTION 

Nitrous acid converts primary aromatic amines into diazo- 
nium compounds. The usual procedure for the preparation 
of these compounds consists in treating a cold aqueous solu- 
tion of an amine salt with hydrochloric acid and either amyl 
nitrite or sodium nitrite. The nitrous acid liberated from the 
nitrite acts upon the amine salt as follows : 

CeHsNHs + HN0 2 —*■ C 6 H 5 — N=N + 2 H 2 0. 

An excess of nitrous acid should be avoided, for it is a fairly 
active oxidizing agent. Moreover, with some types of com- 
pounds — especially secondary and tertiary amines and some 
phenols — nitroso derivatives are formed. In the manufac- 
ture of azo dyes, amines and phenols are used in connection 
with diazotized primary amines, and in such cases an excess 
of nitrous acid not only reduces the yield in consequence of 
undesired reactions, but unnecessarily contaminates the prod- 
uct with other substances, rendering purification difficult and 
expensive. The sodium nitrite or other source of nitrous acid 
should be added slowly with constant stirring, until a drop of 
the mixture produces a blue color on starch-potassium iodide 
paper.* The structure assigned to the diazonium salt in the 
above equation is supported by the following considerations : 

1. The group — N 2 is attached to the ring by one valence 
bond only, for it is easily replaced by such univalent radicals 
as OH, CN, and Br. 

* Free nitrous acid oxidizes iodide ion to free iodine, which imparts a blue color 
to starch : 2 HI + 2 HNO 2 — >“ 2 H 2 O + 2 NO 4- 12 . 
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2. A diazonium compound acts like a salt of a fairly strong 
base. The ion C6H 5 N 2 + is comparable to the ammonium group 
NH4 4 ". Benzenediazonium chloride, like ammonium chloride, 
is a neutral salt and a highly ionized compound. With platinum 
and gold compounds it forms insoluble double salts of the type 
(CeEUSb^PtClg. Benzenediazonium carbonate, like ammonium 
carbonate, gives an alkaline reaction in aqueous solution through 
hydrolysis. In ammonium hydroxide the hydroxyl group is held 
by the charge on the ammonium ion, and the corresponding 
diaz oni um structure should indicate a similar relationship be- 
tween nitrogen and hydroxyl. 

Benzenediazonium hydroxide reacts not only with acids but 
also with bases. Thus we have two types of reactions : 

CeHsNaOH + HC1 — > C 6 H 5 N 2 C1 + H 2 0. 
C 6 H 5 N 2 OH + KOH — C 6 H 5 N 2 OK + H 2 0. 

Hantzsch explained this anomalous behavior by assuming the 
existence of tautomeric forms : 

OH 

I 

C 6 H 5 — N=N C 6 H 5 -N=N— OH. 

Benzenediazonium Benzenediazo 

hydroxide hydroxide 

One form contains nitrogen as it exists in ammonium hydroxide. 
This form is called a diazonium compound. The other form 
contains trivalent nitrogen only and is designated a diazo com- 
pound. - A diazonium hydroxide is a strong base; a diazo 
hydroxide is a weak acid. In acid solution compounds of this 
kind have the diazonium structure. They form salts that dis- 
sociate, yielding ions of type CgH 5 — N=N. When a base is 
added the compound assumes the diazo form : 

C 6 H 5 -N=N + OH- — C 6 H s — N=N— OH. 

The diazo compounds form salts of the type C 6 H 5 — N=N — OK. 
Diazo compounds couple with aromatic amines and phenols to 
form the azo dyes. Hence to produce a dye the reagents should 
be brought together in alkaline solution.* 

* If an acid medium is required to hold the reagents in solution, sodium acetate 
is usually added to reduce the hydrogen ion concentration to that of an acetic acid 
solution, for coupling does not occur in solutions of high hydrogen ion concentration. 
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The double bond ’between nitrogen atoms in the diazo com- 
pound gives rise to geometrical isomers which are called syn 
and anti compounds : 


C 6 H 5 — N 


C 6 H 5 — N 


KO— N 

syn-Diazo salt 


N— OK 

anii-Di&zo salt 


Anti-diazo compounds are formed in strongly alkaline solu- 
tions only. The syn- diazo compounds, when warmed, decom- 
pose with an evolution of nitrogen. An important exception 
to this rule, however, is found in the case of the azo dyes. The 
so- call ed coupling reactions with amines and phenols produce 
stable molecules. Both syn-diazo and anti- diazo compounds are 
capable of yielding dyes, but the coupling is usually carried out 
in dilute solutions of bases, and syn compounds are formed. 
Reduction of an azo dye with stannous or titanous chloride 
breaks the molecule between the nitrogen atoms, leaving nitro- 
gen attached to each of the aromatic nuclei. This behavior 
affords further evidence in support of the — N=N — structure 
of the diazo group. 

The syn- diazo compounds are more reactive than the anti- 
diazo compounds. They are hydrolyzed more completely, being 
salts of a weaker acid. The syn compounds are more easily re- 
duced to hydrazines and more readily oxidized to nitroamines ; 
they are more soluble and, in the dry state, more explosive than 
the corresponding anti- diazo bodies. Rapid decomposition with 
evolution of nitrogen is a characteristic property of the syn 
series. The anti- diazo compounds yield the safne decomposition 
products, but the change occurs more slowly and requires a 
higher temperature, the first step, in all probability, being a 
rearrangement to the syn form. 

A syn- diazo hydrate has never been isolated, for as soon as 
liberated from the salt by means of an acid, it either decomposes, 
yielding a phenol and nitrogen, or changes to the diazonium 
form. Anti- diazo hydrates have been obtained by treating 
the corresponding potassium salts with acetic acid at tempera- 
tures low enough to prevent rapid rearrangement. They are 
colorless, crystalline compounds, but they are quite unstable 
and even at low temperatures in aqueous solution they are 
soon converted into nitrosoamines. 
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Diazonium as well as diazo salts, when dry, are explosive. 
Detonation is accomplished by percussion or by heat. The 
important reactions of the diazonium salts are carried out in 
aqueous solution, and it is therefore unnecessary to assume 
the risk of an explosion in dealing with these compounds. 
Transformations of diazonium salts are used in synthetic work 
to introduce the following radicals and elements into aromatic 
compounds : 

1. Hydroxyl. When an aqueous solution of a diazonium salt 
is heated, nitrogen gas escapes and a phenol is formed : 

C 6 H 5 N 2 C1 + HOH — *- C 6 H s OH + N 2 + HC1. 

To obtain a good yield of phenol and to avoid contamination 
with products formed in side reactions with nitrous acid, it is 
necessary to make sure (1) that the amine used has been com- 
pletely diazotized and (2) that no excess of nitrous acid remains 
in solution. To accomplish the first requirement a slight excess 
of sodium nitrite is added, and to remove the excess of nitrous 
acid formed a small quantity of urea is introduced before the 
mixture is heated. Urea decomposes the nitrous acid according 
to the equation 

CO(NH 2 ) 2 + 2 HN0 2 — C0 2 + 3 H 2 0 + 2 N a . 

2. Iodine. Potassium iodide is added to a solution of the 
diazonium salt and the mixture is allowed to stand at room 
temperature several hours. Nitrogen escapes slowly. The 
mixture is finally heated to complete the reaction : 

C 6 H 5 N 2 C1 + KI — C 6 H 5 I + N 2 + KC1. 

Phenol is formed at the same time through the decomposition 
of the diazonium salt by water, but the difference in the rates 
of the two reactions makes it possible to use this method in the 
preparation of phenyl iodide. 

3. Chlorine, bromine, and cyanogen. The plan outlined in the 
last paragraph for the introduction of iodine into the ring does 
not apply to chlorine, bromine, or cyanogen. Sandmeyer dis- 
covered, however, that in the presence of cuprous chloride, 
bromide, or cyanide the reaction is analogous to the one in 
which phenyl iodide is formed. Copper powder or fine filings 
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in connection with KC1, KBr, or KCN may be substituted for 
the cuprous salts. Chlorine, bromine, and the CN group, there- 
fore, may be substituted for the diazo group : 

C 6 H 5 N 2 C1 — > CeHsCl + N 2 . 

CeHsNsBr — > C 6 H 5 Br + Ns. 

C 6 H s N 2 CN — > CsHsCN + N a . 


4. Fluorine. Free fluorine decomposes benzene, forming hy- 
drogen fluoride and carbon, but diazonium salts react with 
piperidine to form a stable diazo piperidide. 


C 6 H 5 — N=N — N ' 


•CH 2 — ch 2 . 
CHs— CH 2 - 


CH 2 . 


Hydrofluoric acid decomposes this substance, forming fluor- 
benzene, nitrogen, and piperidine hydrofluoride : 


/CH 2 — CH 2v 

C 6 H 5 — N=N— N< >CH 2 + 2 HF 


\ch 2 — ch 2 / 

/CH 2 — CH 2x 

C 6 H s F + N 2 + CH< >NH • HF. 

x CH 2 — CH 2 / 


5. Aryl radicals. When a dry diazonium salt is dissolved 
or suspended in benzene or in any other liquid aromatic hydro- 
carbon and warmed with aluminum chloride, the diazo group 
is replaced by an aryl radical : 

CeHsNoCl -(- CeHg — y CeHs • CgHs -J- N 2 -f- HC1. 

6. Hydrogen and alkoxyl. An alkaline solution of stannous 
chloride acts upon a diazonium salt, replacing the diazo group 
by hydrogen : 

C 6 H 5 N 2 C1 + SnCl 2 + 5 KOH 

— CeHe + N 2 + 3 KC1 + K 2 Sn0 3 + 2 H 2 0. 

In acid solution stannous chloride reduces the compound to a 
derivative of hydrazine, no nitrogen being evolved : 

2 CeHsNaCl + 4 SnCl 2 + 6HC1 — >2 C 6 H 6 NH • NH 2 + 4 SnCU. 
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Absolute alcohol acts upon a dry diazonium salt, introducing 
hydrogen, the alcohol being simultaneously oxidized to the cor- 
responding aldehyde : 

CeHsNoCl + C 2 H 5 OH — CeHs + N 2 + C 2 H 4 O -f- HC1. 

Alcohol serves also to form an ether : 

CeHsNsCl + C 2 H 5 OH — CeHsOCsHs + N 2 + HC1. 

The temperature and pressure, as well as the nature of the di- 
azonium salt employed, are factors in determining whether the 
diazo group shall be replaced by hydrogen or by the alkoxyl 
group. 

HYDRAZINES 

Hydrazine, H 2 N — NH 2 (m.p. 1.4°, b.p. 113°), fumes in moist 
air, forming a hydrate, and dissolves rapidly in cold water, 
yielding an alkaline solution containing the ions N 2 H 5 + and 
OH - . Hydrazine is made by the electrolytic oxidation of an 
ammonium salt. A viscous solution of the ammonium salt is 
required for this purpose, and glue or starch is added to impart 
this quality to the electrolyte. Some of the derivatives of hy- 
drazine are important reagents, and among these phenylhy- 
drazine is preeminent. 

Phenylhydrazine, CeHs • NH • NHo (m.p. 19.6°, b.p. 243.5°), 
is a colorless, oily liquid which acquires a red color on standing 
in contact with air. It is slightly soluble in water and soluble 
in all proportions in’ alcohol and ether. It is a basic substance. 
With acids it forms well-crystallized, soluble salts. It is pre- 
pared by reduction of a benzenediazonium salt with an acid 
solution of stannous chloride, or by treating the diazonium 
salt with sodium sulfite, zinc dust, and acetic acid. When a 
sulfite is used, the SO 3 H group is finally eliminated by boiling 
with fuming hydrochloric acid. Phenylhydrazine hydrochlo- 
ride, being almost insoluble in a concentrated solution of hy- 
drochloric acid, is precipitated. This constitutes the usual 
laboratory procedure. 

C 6 H 5 • N 2 • Cl + Na 2 S0 3 — > C 6 H 5 • N 2 • S0 3 Na -f NaCl ; 

C 6 H s • N 2 • S0 3 Na + Zn + 3 HC 2 H 3 0 2 

— >• C 0 H 5 • NH • NH • S 0 3 H + Zn(C 2 H 3 0 2 )2 + NaC 2 H 3 0 2 ; 

CeHs ■ NH • NH • SO s H + H 2 0 — > C 6 H 5 • NH - NH 2 + H 2 S0 4 . 
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The structure of phenylhydrazine is established by the fol- 
lowing reactions: Methylaniline is converted by nitrous acid 
into a nitrosoamine, which on reduction yields methylphenyl 
hydrazine : 

,TT ,N() 

+ H2O ; 


+ H 2 O. 


/H 


/NO 

I< + hno 2 - 

C 6 H 5 • N< 


X CH 3 


v CH 3 

/NO 


/NH 2 

N< + [4 H] - 

NI5H3 

->'C 6 H 5 -N< 

v CH 3 


The same product is obtained from phenylhydrazine by treat- 
ment with sodium and subsequent removal of the metal by 
means of methyl iodide : 


C 6 H 5 • N 


/NH 2 

/NH 2 
C 6 H 5 • N< 

x Na 

N< + Na — 

X H 

/NH 2 

/NH 2 

< + CHsI - 

X Na 

C 6 H 5 • N< 

x ch 3 


+ |H 2 ; 
+ Nal. 


The uses of phenylhydrazine are considered in connection 
with the general reactions of aldehydes and ketones, and es- 
pecially with reference to the hydrazones and osazones of the 
carbohydrates. 



PHENOLS 


Phenols are compounds derived from aromatic hydrocarbons 
by substituting hydroxyl groups for hydrogen atoms in the ring. 
The aromatic nucleus may be a simple benzene ring, or it may 
contain condensed rings as found in naphthalene, anthracene, 
or phenanthrene. The feature that distinguishes a phenol from 
an aromatic alcohol is the attachment of the hydroxyl group 
to a carbon atom of the nucleus. It is attached to a side-chain 
carbon atom in an alcohol. Thus the formula C7H7OH repre- 
sents three phenols and one alcohol : 


CH 3 



o-Cresol 


ch 3 



7w-Cresol 


CH 3 CH 2 OH 



OH 


p-Cresol Benzyl alcohol 


Phenols are classified as monohydric, dihydric, or polyhydric 
on the basis of the number of hydroxyl groups attached to the 
nucleus. The termination ol is used to denote the presence of 
alcoholic as well as phenolic hydroxyl. Thus benzyl alcohol 
may be called phenyl carbinol, and the hydroxy toluenes are 
commonly called cresols. The hydroxy derivatives of the 
xylenes are called xylenols. 

Although phenol is a general name referring to a class of 
compounds, it is commonly used- to designate a particular com- 
pound, C6H5OH, known also as carbolic acid. 

Preparation. Coal tar is the principal source of ordinary 
phenol. Some cresols, xylenols, and related compounds occur 
with it. Phenols are prepared synthetically in several ways: 

1. From sulfonic acids by fusion with a base : * 


CeHsSOaH -f 2 KOH — >- C 6 H 5 OH + K 2 SO 3 + H 2 0. 

Benzenesulfonic acid * Phenol 


* Sulfanilic acid, 


-NH 2 (1) 
•SOsH (4) 


, yields aniline and not para-aminophenol 


when fused with an alkali. 
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2. Prom aromatic amines through, the diazo reaction. Ni- 
trous acid acts upon primary amines, liberating nitrogen and 
introducing hydroxyl in the place of the NH 2 group. In the 
aliphatic series this reaction is used to convert amines into 
alcohols. Aromatic amines yield phenols. The reactions dif- 
fer in one respect, namely, in the case of the aromatic amines 
an intermediate product — a diazonium salt — can be isolated ; 
but when heated with water, the diazonium salt yields nitrogen 
and a phenol : 

CeHsNHs + HC1 + HN0 2 — ► C 6 H S N 2 C1 + 2 H 2 0 ; 
C 6 H 6 N 2 C1 + HOH — CeHsOH + HC1 + N 2 . 

3. From aryl halides by hydrolysis. Recent experiments 
indicate the possibility of preparing phenol from chlorobenzene 
or bromobenzene by treatment with 8 per cent aqueous sodium 
hydroxide in a rotating iron or copper bomb kept for an hour 
at 325° to 360°.* 

Properties. The phenols are colorless, crystalline solids. 
The lower members have low melting points, characteristic 
odors, and strong antiseptic properties. They are only slightly 
soluble in water, the solubilities decreasing rapidly as the 
molecular weights increase. In alcohol and ether they dis- 
solve readily. They act like weak acids, the hydrogen of the 
hydroxyl being easily replaced by metals. The resulting phe- 
nolates are largely hydrolyzed by water, and are completely 
decomposed by acids. Carbon dioxide in water furnishes a 
sufficient] concentration of hydrogen ions to regenerate phenol 
from a phenolate. Phenols are insoluble, therefore, in solu- 
tions of carbonates, but they dissolve in dilute solutions of 
sodium or potassium hydroxide.f The phenyl or any other 
aryl radical is more negative than an alkyl radical, and con- 
sequently an aryl hydroxide (phenol) is more acidic than an 
alkyl hydroxide (alcohol). The dissociation constant, K a , of 
phenol is about 1.5 x 10 -10 . Substitution of chlorine or bromine 
for hydrogen in positions ortho and para to the hydroxyl group 
is easily accomplished in aqueous solution by direct action of 
the halogen. In this respect the influence of the hydroxyl 
group is similar to that of the amino group (see page 216). 

* William J. Hale and Edgar C. Britton, J. Ind. and Eng. Chem., 20, 114 (1928). 

t For exceptions see Torrey and Kipper, J. Am. Chem. Soc 30, 836 (1908), and 
Adams, J. Am. Chem. Soc., 41, 247 (1919). 
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Phenol, C 6 H 5 OH (m.p. 41°, b.p. 182°), is commonly known 
as carbolic acid. It dissolves in fifteen times its weight of 
cold water and forms a crystalline hydrate, 2 C 6 H 5 OH • H 2 O, 
melting at 16°. At one time phenol was employed quite 
extensively in surgery, but safer antiseptics, such as iodine, 
alcohol, mercuric chloride, and m-cresol, have rendered its 
use in this connection obsolete. Phenol is used in the prepa- 
ration of salicylic acid, phenacetine, and picric acid. It is 
used also in the manufacture of bakelite and other synthetic 
plastics. 

Picric acid, or trinitrophenol, is obtained by dissolving 
phenol in concentrated sulfuric acid, then adding concentrated 
nitric acid and Keating the mixture on a steam bath. 


+ 3 HNOs 


Phenol * 

(m.p. 41°, b.p. 182°) 


OH 

N02, // \n02 



+ 3 H 2 0. 


Picric acid is a yellow crystalline compound. It is slightly 
soluble in cold water and the solution has a very bitter taste. 
The salts of picric acid are used in the manufacture of ex- 
plosives. They are detonated by percussion. The nitro groups 
enh ance the acidic properties of the phenol to such an extent 
that picric acid is stronger than acetic acid. The trinitrophenyl 
radical is a negative group comparable to an acyl radical. 
Phosphorus pentachloride converts picric acid into picryl chlo- 
ride, a crystalline solid that melts at 83°. The chloride is 
readily hydrolyzed. Picryl chloride, ( X O 2 ) 3 C 6 K 2 C 1 , acts like 
an acid chloride. Picramide, (NCL^Ce^N^, is made from 
picryl chloride by treatment with ammonia just as any amide 
is made from an acid chloride. Picramide acts much like an 
amide of a carboxylic acid. It is hydrolyzed by a hot solution 
of an alkali. 


NH 2 OK 

NO/W H NO^NO, 


V 

N0 2 


V 

N0 2 


+ NH 3 . 
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CRESOLS 


According to the structure theory, there should be three cre- 
sols, or hydroxy toluenes. Three such compounds are known. 
They are all obtained from the creosote oil produced in the 
distillation of coal tar : 


CH 3 



o-Cresol 

(m.p. 30°, b.p. 191°) 


ch 3 



m-Cresol 

(imp. 10°, b.p. 203°) 


CH 3 



p-Cresol 

(m.p. 34.8°, b.p. 201°) 


In physical properties the cresols resemble each other so closely 
that they cannot be separated and purified by fractional dis- 
tillation and crystallization. Each may be prepared in a pure 
state from the corresponding toluidine by means of the diazo 
reaction. p-Cresol is a decomposition product of some pro- 
teins and is found in the form of a sulfonic acid in urine. The 
cresols are decomposed by hot chromic acid or other vigorous 
oxidizing agents, unless the hydrogen of the hydroxyl group 
has been replaced by an alkyl or acyl group. When the alkyl 
or acyl derivative is oxidized, the methyl group is converted 
to carboxyl. The hydroxyl group may then be restored by 
hydrolysis. 

Thymol, a constituent of the essential oils of thyme and mint, 
is ob tain ed from the plants by extraction with aqueous sodium 
hydroxide, from which it is precipitated by neutralizing the 
base. It forms large colorless crystals (m.p. 51.5°) only slightly 
soluble in water (1 : 1100). It is volatile with steam and very 
soluble in alcohol and ether. Unlike phenol and the cresols, 
thymol in aqueous solution fails to develop a color in the pres- 
ence of ferric chloride, and with bromine water only a faint 
turbidity is produced. It is a hydroxy derivative of the hydro- 
carbon cymene (par amethylisopropylbenzene) . 


CH 3 


CH(CH 3 ) 2 

Cymene 


ch 3 


)OH 
CH(CH 3 ) 2 

Thymol 
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Thymol is used, to some extent, as an antiseptic. It is less toxic 
to bacteria than is phenol but it is said to be more effective 
than phenol in preventing the growth of molds and other fungi. 

Carvacrol (m.p. 1°) is isomeric with thymol, which it resem- 
bles in chemical and physical properties. Carvacrol is obtained 
by fusing cymene sulfonic acid with potassium hydroxide: 



2 KOH 

h 


CH 3 

Aoh 

I \ + K 2 S0 3 + H 2 0. 


CH(CH 3 ) 2 

Cymene sulfonic add 


CH(CH 3 ) 2 

Carvacrol 


The position of the hydroxyl group is established by the fact 
that when carvacrol is heated with phosphorus pentoxide, 
o-cresol and propylene are the products formed. 


NAPHTHOLS 

The monohydroxy derivatives of naphthalene are known as 
naphthols. These compounds are of great importance on account 
of their use in the manufacture of dyes. They are prepared 
from the naphthalenesulfonic acids by fusion with potassium 
hydroxide, or from the naphthylamines by the diazo, reaction. 

Ci 0 H 7 SO 3 H + 2 KOH — *- C 10 H 7 OH + K 2 S0 3 + H 2 0. 
Ci 0 H 7 NH 2 + HN0 2 — > C 10 H 7 OH + N 2 + H 2 0. 

The naphthols have the following structures . 

OH 


a-Naphthol 
(m.p. 94°, b.p. 278°) 

They form colorless, monoclinic crystals, almost insoluble in 
water, but readily soluble in alcohol, benzene, ether, and chloro- 
form. When heated with ammonia they are converted into 
naphthylamines. 'The naphthols are oxidized by feme chloride 
to dinaphthols, HOC 10 H 6 • C 10 H 6 OH. At the same time iron 
salts of these compounds are formed, giving colored solutions 
and colored precipitates. a-Naphthol yields a violet an 
/ 3 -naphthol a green oxidation product. 




0-Naphthol 
(m.p. 122°, b.p. 285 c ) 
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Sulfuric acid acts upon the naphthols, producing substi- 
tution products known as naphtholsulfonic acids. Some of 
these are used in large quantities in the manufacture of dyes. 
The following derivatives of a-naphthol are valuable repre- 
sentatives of the series : 


OH 


S0 3 H 

l-Naphthol-4- 
sulfonic aeid 


OH 



SOsH 


l-Naphthol-2, 4- 
disulfonic acid 


OH 



SOsH 

l-Naphthol-4, 6- 
disulfonic acid 


Among the sulfonic acids of technical value derived from 
jS-naphthol are the following : 

'lOH 


H0 3 S 



HO3SI 



2-Naphthol-6- 
sulfonic acid 


2-Naphthol-3, 6- 
disuifonic acid 


SOsH 

H0ss C0 OH 

2-Naphthol-6, 8- 
disulfonic acid 


DIHYDRIC PHENOLS 

There are three dihydroxy derivatives of benzene : 

OH OH OH 



OH 


Pyrocatechol Resorcinol Quinol 

(m.p. 105°) (m.p. 110°) (m.p. 170.5°) 

Pyrocatechol is obtained from several natural sources, in- 
cluding sugar beets, the leaves of wild grapes, and many resins. 
It is prepared synthetically by fusing o-phenolsulfonic acid or 
o-bromophenol * with potassium hydroxide. It is easily made 

* Orf/zochlorophenol, the chief product formed in the direct chlorination of 
phenol, is cheaper than the corresponding bromine and iodine derivatives. But 
the product formed by fusion of the chlorophenol with alkali is a mixture of ortho 
and meta dihydroxy benzenes, and principally the meta compound, resorcinol. It 
is not uncommon for an ortho or a para disubstitution product of benzene to yield 
meta dihydroxy benzene when fused with an alkali. The higher the fusion tem- 
perature the greater will be the yield of the meta compound. The identification of a 
compound formed in a reaction involving fusion with a base does not determine 
the orientation of groups that were present in the molecule before fusion. 
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from guaiacol, C 6 H 4 (OH)(OCH 3 ), by heating with hydriodic 
acid: 

/OH (1) /OH (1) 

C 6 H4< +HI-+ C 6 H4< + CH 3 I. 

X)CH 3 (2) X)H (2) 

Guaiacol is obtained from the creosote oil fraction of beech- 
wood tar. It is a crystalline substance (m.p. 28.5°, b.p. 205°), 
having a pleasant odor and a sweet taste. Ferric chloride acts 
upon a dilute alcoholic solution of guaiacol, giving an immedi- 
ate blue color, which gradually changes to green and finally 
yellow. When heated with zinc dust, guaiacol yields anisol, 
C 6 H 5 OCH 3 (m.p. - 37.3°, b.p. 155.8°). 

Pyrocatechol in alkaline solution absorbs oxygen from the air. 
It precipitates gold, silver, and platinum from their salts. This 
property makes it useful as a photographic developer, and it is 
sold for this purpose under the names catechol and pyrocatechin. 

Resorcinol, resorcin, or m-dihydroxybenzene, is made by heat- 
ing m-benzenedisulfonic acid or p-chlorobenzenesulfonie acid 
with sodium hydroxide. 

Resorcinol is used in the manufacture of fluoresceine and 
other dyes. When heated with sodium nitrite, it yields the 
deep blue dye lacmoid, which turns red in the presence of hy- 
drogen ions and is used as an indicator. Resorcinol forms a 
violet-colored compound with ferric chloride. Lead acetate 
does not precipitate this phenol from aqueous solution — a 
test used to distinguish it from pyrocatechol. It differs from 
pyrocatechol also in being a much weaker reducing agent. It 
is, however, active enough as a reducing agent to precipitate 
cuprous oxide from Fehling’s solution and metallic silver from 
an ammoniacal solution of silver oxide. 

Resorcinol crystallizes from benzene in large colorless needles. 
It is very soluble in water (147 g. in 100 g. of water at 12.5°). 
It reacts with bromine water, immediately precipitating tri- 
bromoresorcinol : 

OH OH 

+ 3 Br 2 — ^ ^Qqh + 3 HBr ‘ 

Br 

Resorcinol Tribromoresordnol 

(m.p. 119°) (m.p. 111°) 
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Quinol, hydroquinone, or p-dihydroxybenzene is used exten- 
sively as a photographic developer. In reducing power it stands 
between catechol and resorcin. Oxidizing agents convert it into a 
yellow crystalline compound, known as quinone. Hydroquin- 
one crystallizes from water in colorless prisms. Its solubility in 
water at room temperature is about six parts per hundred. 

Quinone. The yellow crystalline compound known as quin- 
one is an important oxidation product of hydroquinone, of 
p-aminophenol, of p-sulfanilie acid, and of many other para 
disubstitution products of benzene. Its empirical formula is 
C6H4O2, and its genetic relationship to the compounds men- 
tioned above leads to the assumption that its structure is 

O 


HC/ \lH 

II II 

HC\ X CH 

x c/ 

II 

O 

(The existence of carbonyl groups in quinone is indicated also 
by the fact that, with hydroxylamine, quinone yields a monox- 
ime and a dioxime, 

NOH NOH 


HC/ \CH 

II II 

HC\ /CH 

x c/ 


and 


HC/ ^CH 

II II 

HC\ /CH 

xx 

II 

NOH 


The monoxime is identical with nitrosophenol, a compound 
formed by the action of nitrous acid on phenol : 

OH OH 

'V A 


+ hono 


Phenol 



+ H2O. 
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A tautomeric equilibrium exists between the two forms: 
OH 0 



I II 

NO NOH 

Oxidation of hydroquinone changes the structure of the ring 
from the benzoid to the quinoid form : 



Benzoid form Quinoid form 


Practically all compounds having the quinoid structure are 
colored. It has been customary to attribute to this structure 
the color of quinone. The change in structure, however, is 
only one of the results attending the oxidation. There may be 
a more fundamental cause for the display of color. 

Quinone, CelLOs, forms an addition product with unoxidized 
molecules of quinol, yielding quinhydrone, C 6 H 4 O 2 • C6H 4 (OH) 2 . 
Ferric chloride carries the oxidation to this stage and the quin- 
hydrone precipitates in the form of red prisms, having a fine 
green metallic luster. The nature of the tie between quinone 
and hydroquinone in quinhydrone is not definitely known. 


TRIHYDRIC PHENOLS 


There are three trihydroxy derivatives of benzene : 



Pyrogallol 
(m.p. 134°) 


OH 

Oxyhydro quinone 
(m.p. 141°) 


Phloroglucinol 
(m.p. 219°) 


Pyrogallol, pyrogallic acid, or 1, 2, 3-trihydroxybenzene, was 
first obtained by distilling gallic acid : 


C 6 H 2 (OH) 3 COOH (1,2, 3-5) — > C 6 H 3 (OH) 3 (1,2,3) + C0 2 . 

Gallic acid Pyrogallic acid 
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It crystallizes in soft, white leaflets and dissolves in about twice 
its weight of water. It is a mild poison. An alkaline solution 
of this phenol absorbs oxygen rapidly, the solution at the same 
time acquiring a brown or black color. It is used as an absorb- 
ent for oxygen in gas analysis. It is employed also as a photo- 
graphic developer. 

Oxyhydroquinone, 1, 3, 4-trihydroxybenzene, is prepared from 
hydroquinone by fusion with sodium hydroxide. The intro- 
duction of a hydroxyl group in this manner has been accom- 
plished in many similar cases ; the preparation of phloroglucin 
affords another example (see also Alizarin). The phenol crys- 
tallizes from ether in microscopic plates. It has no unusual 
properties nor important uses. 

Phloroglucinol, phloroglucin, 1,3,5-trihydroxybenzene, was 
first obtained from phloridzin, a glucoside occurring in the 
roots and bark of many trees. It is now made by heating re- 
sorcin with sodium hydroxide. Oxygen is absorbed from the 
air by the fused alkaline mixture. 


OH OH 



Phloroglucin exhibits the properties of ketones as well as of 
phenols. It reacts with hydroxylamine, yielding a trioxime, 
and on the other hand it combines with three molecules of 
phenylisoeyanate, yielding C 6 H 3 (0 • CO • NH • C 6 H 5 ) 3 , indicat- 
ing the presence of three hydroxyl groups. The compound 
exists in tautomeric forms as follows : 


H 

*Cv 


HO— ^C— OH 

I II 
HC %c/ CH 


H 2 

0=C //Cx \C=0 

H 2C \ C /CH 2 


OH 


0 


Sodium amalgam acts rapidly upon an aqueous solution of the 
compound, introducing six hydrogen atoms with the forma- 
tion of the completely saturated hexahydrophloroglucin. 
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Aromatic ethers are derivatives of the phenols. Anisol, 
C 6 H 5 OCH 3 , is made by warming a mixture of potassium 
phenolate and methyl iodide: 

C 6 H 5 OK + CH 3 I — v C 6 H 5 OCH 3 + KI. 

Anisol is a liquid. At its boiling point, 155°, it is decomposed 
by hydrogen iodide : 

C 6 H 5 OCH 3 + HI — *■ C 6 H s OH + CH 3 I. 

The ethers in which both radicals are aromatic are made 
by the action of dehydrating agents on the corresponding 
phenols. Aryl halides will not react with phenolates. Diphenyl 
ether, C 6 H 5 — O — C 6 H 5 (m.p. 26.9°, b.p. 259°), is made by heat- 
ing phenol with zinc chloride : 

2 C 6 H 5 OH — CeHs—O— C 6 H 5 + H 2 0. 



ALCOHOLS, ALDEHYDES, AND KETONES 

ALCOHOLS 

The aromatic alcohols are colorless liquids and solids derived 
from aromatic hydrocarbons by substituting a hydroxyl group 
for hydrogen in a side chain. Or they may be regarded as de- 
rivatives of the aliphatic alcohols in which hydrogen atoms of 
the alkyl radicals have been replaced by aromatic radicals. 
Benzyl alcohol, C 6 H 5 * CH 2 OH, is a typical primary alcohol. 
Diphenyl carbinol, C 6 H 5 - CHOH • C 6 H 5 , and triphenyl carbinol, 
(C 6 H 5 ) 3 COH, are examples of secondary and tertiary aromatic 
alcohols. 

The primary alcohols may be prepared by reduction of the 
corresponding aldehydes or by the action of silver hydroxide or 
potassium hydroxide on compounds having halogen atoms in 
side chains. Secondary alcohols are usually made from ketones 
by reduction ; and tertiary aromatic alcohols are obtained by 
oxidizing hydrocarbons having three aryl groups attached to 
the same carbon atom, or by the action of alkalies on tertiary 
halogen derivatives of the hydrocarbons. Secondary and ter- 
tiary alcohols are readily prepared from aldehydes and ketones, 
respectively, by means of the Grignard reaction. 

Benzyl alcohol , C 6 H 5 * CH 2 OH (b.p. 206°), is a colorless 
liquid having a faint, pleasant odor. On standing exposed to 
the air it acquires the odor of almond oil owing to the forma- 
tion of benzaldehyde. In the form of esters of acetic, benzoic, 
cinnamic, and salicylic acids it occurs in many fragrant flowers 
and in resins and balsams. It is used extensively in the prepara- 
tion of artificial perfumes. It is readily prepared by reducing 
benzaldehyde with sodium amalgam and water or by shaking, 
for several hours, a mixture of equal volumes of benzaldehyde 
and a cold saturated aqueous solution of potassium hydroxide. 
In the latter process half of the benzaldehyde is oxidized to 
benzoic acid and half is reduced to benzyl alcohol ; 

2 C 6 H 5 • CHO + KOH — >- C 6 H 5 • COOK + C 6 H 5 • CH 2 OH. 

242 



ALCOHOLS, ALDEHYDES, AND KETONES 243 

Benzyl alcohol is isomeric with the cresols, but differs from 
them in being less soluble in alkalies, in the ease with which it 
is oxidized, and in the character of the oxidation products. 

Phenylethyl alcohol, C 6 H 5 • CH 2 • CH 2 • OH :(b.p. 221°), is 
made from ethylene oxide and phenyl magnesium bromide. 

CH 2v 

| }0 + CeHsMgBr — * C 6 H 5 • CH 2 • CH 2 - OMgBr. 

CH/ 

The addition product is hydrolyzed by cold water, yielding 
phenylethyl alcohol, magnesium hydroxide, and magnesium 
bromide. The alcohol acquires the odor of hyacinths when ex- 
posed to air, owing to the formation of phenylaeetic aldehyde. 

ALDEHYDES 

The most important aromatic aldehydes are those having 
the group — CHO attached directly to the benzene ring. Those 
having the — CHO group attached to carbon in a side chain 
behave, in all respects, like aliphatic aldehydes. All aromatic 
aldehydes resemble the aliphatic analogues in their reactions 
with oxidizing agents, reducing agents, phenylhydrazine, hy- 
droxylamine, and hydrogen cyanide, but those having the 
— CHO group attached to carbon of the nucleus differ from 
the aliphatic compounds in their behavior toward ammonia, 
strong bases, and Fehling’s solution. The typical reactions 
of this group will be considered in connection with benzal- 
dehyde. 

The aromatic aldehydes are prepared by the following general 
methods : 

1. Oxidation of a primary aromatic alcohol. In some cases 
dilute nitric acid can be used for this purpose. 

3 CeHsCHaOH + 2 HN0 3 — >■ 3 C 6 H 5 CHO + 2 NO + 4 H 2 0. 

2. Application of heat, to a mixture composed of the salt of 
an aromatic acid and a formate. 

C 6 H 5 - COONa + HCOONa — CeH 5 • CHO + Na 2 C0 3 . 

3. Hydrolysis of a compound having the group — CHC1 2 
attached to the ring. 

C 6 H 5 • CHC1 2 + H 2 0 — C 6 H s • CHO + 2 HC1. 
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This is accomplished by heating the chloride under pressure 
with a solution of sulfuric acid or of calcium hydroxide. 

4. The action of carbon monoxide and hydrogen chloride on 
an aromatic hydrocarbon. Dry cuprous chloride and alumi- 
num bromide are used as catalysts (Gattermann’s reaction). 
Formyl chloride, H • C0C1, probably is formed through the 
union of the two gases. 

C 6 H 6 + H • COC1 — > C 6 H 5 • CHO + HC1. 

Benzaldehyde, CeHs • CHO (m.p. — 56°, b.p. 179.5°), is a 
colorless oily liquid having the odor of bitter almond oil. It 
is present in bitter almonds and in cherry kernels in the form 
of a glucoside called amygdalin. Amygdalin has the empirical 
formula C20H27NO11. On hydrolysis it yields benzaldehyde, 
glucose, and hydrocyanic acid. 

Benzaldehyde is made, commercially, by oxidizing toluene 
with 65 per cent sulfuric acid and powdered manganese dioxide 
at 40°. It may be made by any of the general methods listed 
above. 

Benzaldehyde reduces an ammoniacal solution of silver 
hydroxide, but fails to reduce Fehling’s solution. Concentrated 
aqueous solutions of alkalies change benzaldehyde into benzoic 
acid and benzyl alcohol. This is an example of the Cannizzaro 
reaction. With ammonia benzaldehyde forms hydrobenzamide, 
(C 6 H 5 • CH)sN 2 . It reacts with hydroxylamine, yielding ben- 
zaldoxime, a compound that exists in two stereoisomeric forms. 
As obtained in this reaction the oxime is in the form of prismatic 
crystals which melt at 35°. By treatment with hydrochloric 
acid (which forms a salt of the oxime) and subsequent removal 
of the acid by means of sodium carbonate, the oxime is obtained 
in the form of slender needles melting at 130°. We have here 
an example of geometrical isomerism. The two oximes have 
the formulas 

C 6 H 5 — C— H C 6 H 5 — C — H 

II and || 

N— OH HO— N 

Benzsjmaldoxime Benzanftaldoxime 

(m.p. 130 °) ( m .p. 35 0 ) 

The syn compound, that is, the one having the hydrogen and 
hydroxyl on the same side of the molecule, loses water when 
heated with acetic anhydride. Phenyl cyanide is thus formed. 
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The anti compound fails to react in this way with acetic an- 
hydride but forms an acetyl derivative of the oxime. 

When warmed with a solution of potassium cyanide, ben- 
zaldehyde is converted into benzoin : 

2 C 6 H 5 • CHO —v CeHs • CHOH • CO • C 6 H 5 . 

Benzoin 
(m.p. 133°) 

This is known as the benzoin condensation.* 

KETONES 

The aromatic ketones are prepared by the following methods : 

1. The action of an acid chloride on an aromatic hydrocarbon 
in the presence of aluminum chloride, 

2. The distillation of a salt or a mixture of salts of aromatic 
acids. 

3. The oxidation of an aromatic secondary alcohol. 

Acetophenone, CH 3 • CO • CeH 5 (m.p. 20°, b.p. 202°), is a 

typical example of the mixed aliphatic-aromatic ketones. It 
is a crystalline compound having an agreeable odor. It is 
used in medicine as a soporific and is dispensed under the name 
of hypnone. It is usually made by treating a mixture of ben- 
zene and acetyl chloride with dry aluminum chloride : 

CH 3 • COC1 + C 6 H 6 — ► CH 3 • CO • C 6 H 5 + HC1. 

A special method for making acetophenone by passing the 
mixed vapors of acetic acid and benzoic acid over thorium oxide 
at 450° is also practical. 

Benzophenone, C 6 H 5 • CO • C 6 H 5 (m.p. 48.5°, b.p. 306.1°), 
a colorless crystalline compound, is practically insoluble in 
water but fairly soluble in alcohol and in ether. It dissolves 
in sulfuric acid and precipitates unchanged when the acid is 
diluted with water. It is readily nitrated and chlorinated. 

Benzophenone may be prepared by heating benzoyl chloride 
and benzene with aluminum chloride or by distilling a salt 
of benzoic acid : 

(CeHs • COO)2Ca — >■ CeHs • CO • CeHs + CaC03- 

Calcium b enz oate Benzophenone 

* Lachman, J, Am. Chew. Soc., 45, 1529 (1923). Staudinger, Ber ., 46, 3535 
(1913). Liebig and Wohler, Ann., 3, 249 (1832). 
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Sodium amalgam, or zinc and potassium hydroxide, may be 
used on alcoholic solutions of benzophenone for the prepara- 
tion of benzhydrol, CyHo • CHOH • CeHs, a secondary alcohol 
which crystallizes in needles, melting at 68°. Red phosphorus 
and hydrogen iodide reduce the ketone to the corresponding 
hydrocarbon, diphenylmethane. 

When a saturated solution of benzophenone in 50 per cent 
alcohol is exposed to the ultraviolet rays of a mercury vapor 
arc lamp, the ketone is reduced by the alcohol to benzpinacol. 
The reduction product is less soluble than the ketone and it 
precipitates in a very pure state. 

OH 


CeHs-C— CeHs 

2 CeHsCOCeHs + C 2 H 5 OH — | + CH 3 CHO. 

CeHs-C-CeHs 

I 

OH 

Benzpinacol 
(m.p* 186 °) 

Benzophenone exists in four forms, having the following melt- 
ing points: a-benzophenone, 48.5°; ^-benzophenone, 26.5°; 
y-benzophenone, 45°-48° ; 5-benzophenone, — 51°. The only 
stable modification under ordinary temperature conditions is 
the one that melts at 48.5°. 

Like other ketones, benzophenone reacts with phosphorus 
pentachloride, hydroxylamine, phenylhydrazine, and the alkyl 
and aryl magnesium halides. Some of these reactions are out- 
lined in later chapters. 



AROMATIC ACIDS AND THEIR 
DERIVATIVES 

The principal methods for preparing the aromatic acids are 
the following : 

1. Oxidation of aromatic hydrocarbons having one or more 
side chains. 

2. Oxidation of aromatic alcohols and aldehydes. 

3. Hydrolysis of nitriles. 

Benzoic add , CeH 5 - COOH (m.p. 121.7°, b.p. 249.2°), is a 
colorless crystalline compound which occurs in many resins 
and particularly in gum benzoin. It has been isolated from 
cranberries and some other fruits. It is found in coal tar also. 
On a commercial scale it is made by chlorinating hot toluene, 
then hydrolyzing the resulting benzotrichloride by boiling it 
with water and calcium hydroxide : 

C 6 H 5 * CH 3 + 3 Cl 2 — ^ C 6 H 5 - CC1 3 + 3 HC1 ; 

C 6 H 5 - CC1 3 + 2 H 2 0 — »- C 6 H 5 • COOH + 3 HC1. 

Benzoic acid is only slightly soluble in cold water (1 : 144 at 
20°). It is twenty times as soluble in boiling water. It is 
volatile with steam and is usually purified by distillation with 
steam. When the dry acid is heated with lime, it yields ben- 
zene and carbon dioxide. 

The sodium salt of benzoic acid has mild antiseptic proper- 
ties. It has been used extensively as a preservative for foods. 
The pure food law permits this practice if the amount of sodium 
benzoate used is specified on the label of the container. 

Benzoyl chloride, C 6 H 5 * COC1 (b.p. 197.2°), is a colorless 
liquid with a disagreeable odor. Its fumes have an irritating 
effect upon the eyes, causing tears. 

The benzoyl group, C 6 H 5 CO — , may be substituted for hy- 
drogen in a hydroxyl or an amino group by mixing an alcohol, 
a phenol, or an amine with benzoyl chloride (Schotten-Baumann 
reaction). The reaction is promoted by the presence of an al- 
kali, which absorbs the liberated halogen acid. 

247 
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Benzoyl chloride is made by treating benzoic acid with phos- 
phorus pentachloride or by the action of chlorine on benzalde- 
hyde: 

C 6 H 5 • COOH + PCls — C 6 H s • COC1 + POCI 3 + HC1. 
C 6 H 5 • CHO + Cl 2 — C 6 H 5 • COC1 + HC1. 

Benzamide, CeHs • CONH 2 (m.p. 180°), is obtained from ben- 
zoyl chloride through the action of ammonia. It is soluble in 
hot water, but precipitates in the form of colorless plates when 
the solution is cooled. It acts like a weak acid, dissolving 
readily in alkaline solutions, with the formation of salts of the 
type CeHs • CONHM (M = metal). When benzamide is heated 
with phosphorus pentoxide, benzonitrile is formed : 

C 6 Hs • CONH 2 -5- CeHs ■ CN + H 2 0. 


Nitrobenzoic acids. wi-Nitrobenzoic acid is prepared by the 
direct action of nitric acid on benzoic acid. It crystallizes 
in plates melting at 141°. The o-nitrobenzoic and p-nitrobenzoic 
acids are made from the corresponding nitrotoluenes by oxida- 
tion with potassium permanganate. o-Nitrobenzoic acid has a 
sweet taste. The meta compound and para compound are bitter. 

Anthranilic acid, o-aminobenzoic acid, C 7 H 7 NO 2 , is obtained 
from o-nitrobenzoic acid by reduction with tin and hydrochloric 
aci d- N0 2 

|Qcooh 

o-Nitrobenzoic acid 
(m.p. 147.5°) 


nh 2 

j/^COOH 

Anthranilic acid 
(m.p. 145°) 


On a commercial scale it is made from phthalimide by hydroly- 
sis to phthalamic acid and subsequent treatment with chlorine 
and sodium hydroxide. 


O' 


COn 


NH + NaOH 


/\conh 2 

l JCOONa 


\co/ 

Phthalimide 

+.CI 2 + 4 NaOH 


0 CONH 2 
COONa 

Salt of phthalamic add 


Anh 2 

IJcOONa 


+ Na 2 C0 3 + 2 NaCl + 2 H 2 0. 
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Another interesting synthesis of anthranilie acid is accom- 
plished by boiling o-nitrotoluene with a solution of potassium 
hydroxide. An intramolecular oxidation and reduction occurs. 



0 NH 3 
COOK 


+ H 2 0. 


Anthranilie acid is soluble in water and in alcohol. It has a 
sweet taste. Its methyl ester has an agreeable odor resembling 
that of orange blossoms. It is used in the manufacture of 
perfumes. 

Sulfobenzoic acid. o-Sulfobenzoic acid is made by oxidizing 
o-toluenesulfonie acid. It is a colorless crystalline compound 
melting at 141°. At higher temperatures it gradually loses 
water and forms an anhydride. 

Ach 3 Acooh Ac°\o 

Ms0 2 0H Ms 0 2 0H l^SOa/ ■ 

o-Toluenesulfonic acid o-Sulfobenzoic acid Sulfobenzoic anhydride 


The anhydride combines with phenol when a mixture of the 
two reagents is warmed with zinc chloride. The resulting 
compound, phenolsulfophthalein, is a valuable indicator in 
the determination of hydrogen ion concentrations (see also 
Phenolphthalein, p. 281) . 



2 



/0° s 

Of 

I ] 0 — +H 2 O. 

'Aso, 

Phenolsulfophthalein 


A derivative of sulfobenzoic acid, known as saccharin, is 
manufactured in large amounts. It is approximately five 
hundred times as sweet as cane sugar, and although it has no 
dietetic value, it is used extensively as a substitute for. sugar. 
It is made by oxidizing the amide of o-toluenesulfonic acid 
with potassium permanganate. The amide of o-sulfobenzoic 
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acid is the oxidation product, but when heated it yields water 
and benzoic sulfimide, or saccharin : 

Ach 3 Acooh Aco\ 

IjSOzNHa MSO2NH2 IJSO2/ 

Benzoic sulfimide 

Salicylic add, or o-hydroxybenzoic acid, HO • CeHi • COOH, 
occurs in nature as a constituent of the glucoside saliein, in 
the bark and leaves of the willow. The methyl ester of salicylic 
acid, HOC6H4COOCH3, is present in oil of wintergreen. The 
ester is made in large quantities for use in the manufacture of 
artificial flavors and perfumes. 

Salicylie acid is made commercially by heating sodium phenol- 
ate with carbon dioxide under ten atmospheres of pressure. 
At 100° the carbon dioxide is absorbed, forming sodium phenyl 
carbonate. At 120°-140° sodium salicylate is formed : 

ONa OCOONa OH 

+ co, — Q — Q 000Na 



It may be prepared also by fusing o-sulfobenzoie acid with 
potassium hydroxide or by the action of nitrous acid on anthra- 
nilic acid. 

Salicylic acid is soluble in hot water. It crystallizes from 
water in colorless needles, melting at 159°. With ferric chloride, 
in neutral solution, it acquires a violet color. This color test 
distinguishes o-hydroxybenzoic acid from the corresponding 
meta and para compounds. 

When dry salicylic acid is heated with lime, it yields phenol 
and carbon dioxide. When heated alone to 160°-200°, it yields 
phenyl salicylate, carbon dioxide, and water: 

„ A oh Aoh 

i^JCOOH * (JcOOCeHs + C ° 2 + H2 °- 

Phenyl salicylate 

Phenyl salicylate is used in medicine and is dispensed under 
the name of saloL It is usually prepared by heating a mixture 
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of sodium salicylate, sodium phenolate, and phosphorus oxy- 
chloride. Acetylsalicylic acid, commonly called aspirin, is an- 
other derivative of hydroxybenzoic acid that has therapeutic 
value. It is made by heating salicylic acid with acetyl chloride 
or with acetic anhydride : 


(JcOOH +CH3COCI 


V 


Aococfls 

IJcOOH 


+ HCI. 


Salicylic acid 


Acetylsalicylic add 


Other derivatives are used in the manufacture of dyes and in 
the synthesis of perfumes. The annual production of salicylic 
acid in the United States exceeds 3000 tons. 

Cinnamic acid, CeHo • CH : CH • COOH, is an example of 
the type of aromatic acids having the carboxyl group in an 
unsaturated side chain. Benzaldehyde reacts with an acetate 
in the presence of acetic anhydride, forming cinnamic acid (see 
Perkin’s reaction, p. 395). 

Two stereochemical structures are possible for the acid : 


C 6 H 5 — C — H C 6 H 5 — C — H 

II and • || 

H— C— COOH HOOC— C — H 

Trans Cis 

Four modifications of cinnamic acid are known. Ordinary cin- 
namic acid (m.p. 133°) has the trans structure. The cis for- 
mula has to be assigned to the other three acids — allocinnamic 
acid (m.p. 68°), and two isoeinnamic acids, one melting at 58° 
and the other at 42° — for these three forms are all obtained 
by reduction of phenylpropiolic acid, 


C 6 H 5 — C=C— COOH. 


This constitutes an interesting case of trimorphism. The 
compound has a definite and constant chemical structure, but 
it crystallizes in three different forms. It can be made to 
crystallize in either of the three forms by inoculating the molten 
mass with a small crystal of the desired kind. 

The diss ociation constants of a few aromatic acids are 
shown in the table on the next page. For a definition of K 
see page 89. 
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Dissociation Constants 


Acid 

K a 

Per Cent Ionized in 
a 0.1 M Solution 

CeHsCOOH 

6.1 x 10- 4 

7.84 

C 1 C 6 H 4 C 00 H (0) ....... 

1.32 x 10- 3 

11.29 

C 1 C 6 H 4 C 00 H (to) 

1.55 x 10- 4 

3.87 

CICeEUCOOH (p) 

9.3 x 10-5 

3.05 

BrCeBUCOOH (o) 

1.45 x IO - 3 

12.04 

BrCeBUCOOH (to) 

1.37 x 10" 4 

3.70 

HOC6H4COOH (0) 

1.02 x IO - 5 

1.01 

HOCeBUCOOH ( m ) 

8.7 x IO - 5 

2.94 

HOC6H4COOH (p) 

2.8 x 10" 5 

1.67 

NO2C6H4C00H (0) 

6.16 X 10-3 

24.82 

NO2C6H4COOH (TO) 

3.5 X 10" 4 

5.91 

NO2C6H4COOH (p) 

3.9 X 10" 4 

6.24 

CHsCaBkCOOH (0) 

1.2 X 10- 4 

3.46 

CH3C6H4COOH (TO) 

5.1 X IO - 5 

2.25 

CHsC 6 H 4 COOH (p) 

5.1 x 10-5 

2.25 

C6H5CH2COOH 

5.5 X 10-5 

2.34 

NH2C6H4COOH (0) 

1 X 10-5 

1.00 

C 6 H 4 (COOH )2 (o) (Ki) 

1.21 x 10-3 

11.00 


DICARBOXYLIC ACIDS 

The three benzene dicarboxylic acids are the simplest and 
most important dibasic aromatic acids. They are known as 
ort/iophthalic, metaphthalic, and paraphthalie acids. 

COOH COOH COOH 



COOH 

o-Phthalic acid m-Phthalic acid p-Phthalic acid 

(phthalic) (isophthalic) (terephthalic) 

They may be prepared from the corresponding xylenes by boil- 
ing with dilute nitric acid or from the toluic acids by oxidation 
with alkaline permanganate solution. The ortho compound, 
ordinary phthalic acid, is manufactured commercially by oxi- 
dizing naphthalene with sulfuric acid. Mercury is used as a 
catalyst. The acid crystallizes in colorless prisms, melting be- 
tween 184° and 213°. Failure to melt sharply at a definite 
temperature is due to its gradual loss of water, with the produc- 
tion of an anhydride. When either of the phthalic acids is 
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mixed with lime and heated gently, the first product formed is 
benzoic acid. At a higher temperature the benzoic acid is con- 
verted into benzene. Carbon dioxide is evolved in each step. 

Phthalic anhydride is made by distilling phthalic acid or by 
passing a mixture of air and naphthalene vapor over hot vana- 
dium oxide. It is used in the manufacture of phenolphthalein, 
the phthalein dyes, anthraquinone, and phthalimide. 

Phthalic anhydride crystallizes in long, slender needles, melt- 
ing at 130.8°. It takes up water very slowly, but dissolves 
rapidly in an alkaline solution, forming a salt of phthalic acid. 

Phosphorus pentachloride acts upon phthalic anhydride, 
forming phthalyl chloride. This compound exists in two forms. 
One form, having a symmetrical structure, melts at 16°. The 
nn s ymmetrical chloride melts at 88°-89°. 

Qco>° + PCk ~ Qcoa - OC? 

Phthalimide is made by passing ammonia over hot phthalic 
anhydride : 



Phthalic anhydride Phthalimide 

(m.p. 130.8°) (m.p. 238°) 


When potas sium hydroxide is added to an alcoholic solution 
of phthalimide, potassium phthalimide is precipitated. The 
latter reacts readily with aliphatic halides : 

0 ^0 /\ /O 

£>NK + C 2 H 5 Br — ► Q^>NC 2 H 5 + KBr. 

On hydrolysis the alkyl derivative of phthalimide yields a 
primary amine : 

Qc< NC2H5 + 2H 2 0 ->■ QcoOH + C2H5NH2, 

For other applications of this reaction (Gabriel's synthesis) 
see pages 68 and 398. 



ORIENTATION AND STERIC INFLUENCES 
OF SUBSTITUENTS 


Any systematic procedure which enables us to assign definite 
positions to atoms or groups within a molecule constitutes a 
method of determining orientation. With reference to side 
chains or other substituents in cyclic compounds, two general 
methods of determining orientation have been developed. 

The relative method. A new derivative of benzene can usually 
be converted into a derivative of known structure by reactions 
which do not change the relative positions of the substituents, and 
thereby the structure of the new compound is revealed. For ex- 
ample, let us assume that the structures of the three cresols are 
known : ht-t pir 

OJLI3 0x13 0113 


sOH 


Orth ocresol 
(m.p. 30°) 


;oh 


Meta cresol 
(m.p. 10°) 



Three mononitro derivatives of toluene are known. One of 
them melts at 51.3°. Suppose the problem before us is that of 
deciding which of the following possible structures should be 
assigned to this particular compound : 


CH 3 

Qno 2 



ch 3 


no 2 


By reducing the nitro compound with tin and hydrochloric acid 
the corresponding amino derivative is obtained : 



NH 2 
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The amino group is readily replaced by hydroxyl through the 
diazo reaction, and the resulting phenol is 


CH 3 ch 3 ch 3 



OH 


From the nitro compound melting at 51.3° we obtain a phenol 
(in this case a cresol) melting at 34.8°. Our compound is, 
therefore, paranitrotoluene. Similarly, a nitrotoluene melt- 
ing at 15.5° yields a cresol melting at 10° and is therefore a 
metonitro compound, while a nitrotoluene melting at 10.5° 
yields a cresol which melts at 30°, and we assign to it the ortho 
structure. The orffconitrotoluene, on reduction, yields a tolui- 
dine which boils at 200.7°. .Mefanitrotoluene, when reduced, 
yields •metatoluidine, boiling at 203°, and the para compound 
gives rise to crystalline solid toluidine, melting at 43° and boil- 
ing at 200.5°. From this point on, the toluidines and the nitro 
compounds, as well as the cresols, may serve as known struc- 
tures, to which new compounds may be referred. 

The relative method is based upon the assumption that a 
few structures for reference have been definitely established by 
other means. It is necessary, therefore, to determine the struc- 
tures of a limited number of compounds without reference to 
known derivatives. The most successful plan for accomplish- 
ing this is Komer’s absolute method of orientation. 

The absolute method. There are three xylenes : 


CH S ch 3 ch 3 



ch 3 


One of them melts at - 53.6°, one at — 27.1°, and the other at 
13.2°. The corresponding boiling points are 139°, 144°, and 
138°. Which of the three formulas should be assigned to the 
compound that melts at — 53.6°, and which corresponds to each 
of the other sets of physical properties? On treatment with 
nitric acid, the xylene melting at — 27.1° yields two different 
mononitro derivatives. It is possible to obtain three isomeric 
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mononitroxylenes from the one that melts at — 53.6°, but only 

one mononitroxylene is formed from the compound melting at 

13.2°. Now, praraxylene can form only one monosubstitution 

product, for the four hydrogen atoms remaining in the ring are 

similarly located in a symmetrical molecule. The nitro group 

must become attached to the ring, ortho to one methyl group 

and meta to the other : ~ TT 

OJtl3 

Qno 2 

CH 3 

From metaxylene three mononitro derivatives may be formed : 
CH 3 CH 3 CH 3 



and from the ortho compound two and only two monosubstitu- 
tion products can be prepared : 

CH 3 

Qch 3 
no 2 

Hence the xylenes melting at — 53.6°, — 27.1°, and 13.2° are 
meta, ortho, and para compounds respectively. 


CH 3 



DIRECTING INFLUENCES OF SUBSTITUENTS 

When a monosubstitution product of benzene is converted 
into a disubstitution product, there exists the possibility of 
forming either an ortho, a meta, or a para compound, or a 
mixture of these. The three derivatives are not formed in 
equal quantities. The product is almost exclusively the meta 
compound, or else it is a mixture of the ortho and para com- 
pounds. Whether the second substituent shall enter the meta 
position or shall be distributed- between the ortho and para 
positions depends upon the group already present in the ring. 
Thus, for example, when chlorobenzene is nitrated, we obtain 
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chiefly p-chloronitrobenzene but also some of the ortho com- 
pound. If, on the other hand, we chlorinate nitrobenzene, we 
obtain, almost exclusively, m-chloronitrobenzene. The groups 
NH 2 , CH 3 , C 2 H 5 , OH, Cl, Br, I, CH 2 COOH, SH, CH 2 C1, 
CH 2 CN, and CoHs are among those which, if already in the 
ring, direct the entering substituent to ortho and para positions. 
Among the groups that direct to the meta position are N0 2 , 
S0 3 H, CN, CHO, COOH, and COOR. 

The groups CCI 3 and CF 3 direct chlorine and bromine to 
ortho and para positions, but nitration of benzotrichloride, 
C 6 H 5 CCI 3 , or of benzotrifluoride occurs in the meta position. 
Other irregular nitration processes have been observed. In the 
presence of a large amount of concentrated sulfuric acid aniline 
and nitric acid yield ra-nitroaniline. 

The directing influence is never quantitative. Mixed prod- 
ucts are always obtained, although in some cases the products 
formed belong almost exclusively to one type or the other. 
The ratios between ortho, meta, and para compounds change 
with any modification of the procedure. The ratios are not 
the same for a chlorination as for a nitration, and they are in- 
fluenced by the solvent, the temperature, and other factors. 

Indirect methods are used to synthesize derivatives having 
elements of the first group meta to each other, or elements of 
the second group in ortho or para positions. For instance, 
m-dichlorobenzene may be made by chlorinating nitrobenzene, 
then reducing the nitro group, diazotizing, and warming the 
diazonium salt with cuprous chloride : 



The introduction of a third substituent into the ring brings 
into play the orienting influences of both groups already pres- 
ent. Suppose, for example, that we brominate sulfanilic acid. 


H 2 N< >S0 3 H. Both groups direct the entering bromine 
atom to the same place, namely, ortho to the amino radical, 
but the bromination of p-chloroaniline, H 2 N< ^ ^ >C1, involves 

the introduction of the entering bromine meta to either chlorine 


or the amino group, in opposition to the influence of a radical 
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of the first list. In this case the bromine enters the ring ortho 
to the amino group, indicating that the influence of theNH2 
group is greater than that of chlorine. In p-aminophenol bro- 
mination occurs ortho to the hydroxyl group. Attempts have 
been made to list the principal radicals in the order of their 
power to determine the orientation of substituents in the ben- 
zene nucleus, but the place assigned to a group in such a series 
varies as determined by different types of reactions.* 

Many attempts have been made to reduce the empirical rules 
of substitution reactions to a definite system.. Some of the more 
fruitful efforts in this direction may be summarized briefly. 

Crum-Brown and Gibson rule.f If the radical already present 
forms a compound with hydrogen which can be readily and 
directly oxidized to a corresponding hydroxyl derivative, the 
entering substituent will take the meta position ; otherwise it 
will enter the ortho-para, positions. Thus, CHO forms the 
compound H • CHO, which is oxidized to H • COOH without 
the formation of an intermediate product, but NH 2 , by addi- 
tion of hydrogen, yields ammonia, HNH 2 , which cannot be 
converted in one step into NH 2 OH. The former, therefore, 
governs the meta and the latter the ortho-para positions. 

Fliirscheim’s theory. Adopting Werner’s theory of valence, 
Fliirscheim { assumes that the affinity of any free atom is 
evenly distributed over its surface, but when this affinity or 
part of it is used in holding other atoms, it may become con- 
centrated in small areas, the distribution being dependent upon 
the environment and the nature of the atoms attached. An 
element or group that has a strong affinity for carbon, such as 
Cl, OH, or NH 2 , when attached to carbon in the benzene ring 
pulls toward itself a large share of the total disposable surface 
attraction. This weakens the union between the carbon atom 
involved and the two ortho carbon atoms, leaving on the ortho 
carbon atoms a surplus of affinity for the attachment of the 
entering substituent. A nitro group, on the other hand, is sup- 
posed to be loosely bound to carbon, using less of the disposable 
affinity of the carbon atom. The union between this carbon 
atom and an adjacent atom in the ring becomes firmer, the 

* For a tabulation of experimental results see A. F. Holleman, Die direkte 
Einftihrung von Substituenten in den Benzolkern. 

t Crum-Brown and Gibson, Trans . Chem. Soc., 61, 367 (1892), 

$ Fliirscheim, J . prate. Chem. (2), 179, 497 (1905). 
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major portions of their affinities being called into play in effect- 
ing the linkage between them. The ortho carbon atoms, there- 
fore, have less residual affinity than is possessed by those in 
the meta positions. Part of the excess of free affinity possessed 
by each meta carbon atom is used in strengthening the meta- 
para union. The residual valence of the para carbon is thus 
decreased and its activity is reduced. The surplus free affini ty 
resides upon either the meta or the ortho and para carbon 
atoms, as determined by the type of union that exists between 
the ring and the substituent already present. 

The electron theory. In the early days of the development 
of the electron theory it was assumed that chemical union was 
due to the complete passage of an electron from one atom to 
another rather than the sharing of electrons between the atoms 
involved. In harmony with this view each atom in a compound 
was represented as having an integral number of unit positive 
charges corresponding to the number of electrons it had lost 
or an integral number of negative charges corresponding to the 
number of electrons gained. Thus the formula of chloroform, 
CHCI 3 , was written : ^ 

1 + 


C1=±C^C1 

C1 


The signs indicated that the carbon atom had acquired an 
electron from hydrogen and yielded an electron to each of the 
three chlorine atoms. 

The transfer of electrons between carbon atoms was repre- 
sented as taking place in the direction that would leave one 
atom as fully oxidized (positive) as possible and the adjacent 
carbon atom as completely reduced as possible. There is con- 
siderable evidence in support of the view that alternating po- 
larities exist in carbon chains and rings. 

The idea of a complete transfer of electrons from one atom 
to another, in compounds that do not ionize, has been aban- 
doned. Chemists generally agree, now, that the electrons in- 
volved in a chemical bond are shared by the positive kernels 
of the two atoms concerned. When the union is between dif- 
ferent kinds of atoms it is assumed that the electrons are drawn 
nearer to the electronegative element, and Stieglitz has suggested 
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that we may still use, with advantage, the plus and minus signs 
to indicate even a slight displacement of electrons from the 
central position between any two atoms in a compound. With- 
out specifying the extent of the electronic displacement we may 
consider hydrogen positive with respect to oxygen in the hy- 
droxyl group, and this difference in character may be indicated 
by a plus sign over the symbol for hydrogen and a minus sign 
over the symbol for oxygen. Electrochemical differences be- 
tween other atoms may be indicated in the same way. 

Assuming that a group substituted for hydrogen in the 
benzene ring induces alternate positive and negative charges 
on the atoms in the ring,, we should have the following orienta- 
tions of charges in phenol and nitrobenzene : 


OH N0 2 



If, now, we make the further assumption that substitution 
occurs on the relatively negative carbon atoms, we have an expla- 
nation of most of the reactions of benzene. 

Latimer and Porter have written a formula for benzene based 
upon the following considerations : 

1. There are thirty valence electrons in the benzene molecule 
— an average of five electrons per carbon atom. 

2. In stable molecules atomic nuclei are not associated with 
odd numbers of electrons. There is a tendency for each carbon 
atom to complete its octet, but when this is impossible, there 
will be a distribution of such a character as to leave an even 
number of electrons for each atom. 

S. The benzene molecule is symmetrical. 

In harmony with these facts the distribution of the electrons 
is assumed to be approximately as follows : 


H 


oo 



oo oo 



oo 


H 
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Each alternate carbon atom has a complete octet ; each of the 
others has a sextet. The lone pairs of electrons may shift from 
one carbon atom to the next, the result being analogous to 
the effects of shifting the alternate double bonds in the Kekule 
formula. When an atom carrying a negative charge is substi- 
tuted for hydrogen, the carbon to which it is attached retains 
only six electrons, the para and the two ortho carbon atoms 
each having eight. When the atom substituted for hydrogen 
in the ring has a positive residual charge, the nuclear carbon 
to which it is attached will hold a complete octet. 

Thus for bromobenzene and nitrobenzene we have 



With the formation of a monosubstitution product the pos- 
sibility of an electronic rearrangement disappears. In the sub- 
stituted ring the six and eight positions are relatively fixed. 
The eight positions are meta to a nitro group and ortho-para to 
bromine, and this orientation of electrons determines the posi- 
tion to be taken by the next entering group. It is obvious that 
this formula may be written in the form' proposed by Stieglitz. 
It is only necessary to indicate by plus signs the carbon atoms 
sharing six electrons and by minus signs those having complete 
octets. 

By estimating the magnitude of the charge on the atom 
attached to the ring, it is possible to draw a fairly sharp line 
between the groups that direct to the meta position and those 
that cause ortho-para orientation.* 

Ingold and his associates have accounted for the orienta- 
tion of substituents in the benzene ring by an extension of the 
Fliirscheim theory. A critical discussion of the system is be- 
yond the scope of this book. The papers listed below are recom- 
mended for study : 

J. Allan and R. Robinson, J. Chem. Soc., 1926, 376. 

Holmes and Ingold, J. Chem. Soc., 1926, 1305, 1684. 

Ingold, Rec. trav. ckim. Pays-Bas, 48, 797 (1929). 

* For a discussion of this system see Latimer and Porter, J. Am. Chem. Soc., 52, 
206 (1930). 
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ENHANCED ACTIVITY 

Bromine acts slowly upon benzene, forming bromobenzene and 
hydrobromic acid. A catalyst is required to accelerate the reac- 
tion in order to make it a practical method of preparation. If we 
introduce a hydroxyl group or an amino group into the ring, then 
the ortho and para hydrogen atoms of the resulting phenol or 
amine are at the same time rendered more reactive. Even a 
dilute solution of bromine in water immediately precipitates tri- 
bromophenol and tribromoaniline from solutions of phenol and 
aniline. Iodine replaces the hydrogen atoms ortho to the hy- 
droxyl group in tyrosine when iodine is added to an aqueous 
alkaline solution of this amino acid. The reaction occurs at 0° C. 
and the di-iodo derivative separates in crystalline form when 
the excess alkali is neutralized by acetic acid. Phenylalanine 
fails to react with an alkaline hypoiodite solution in this way. 

In the aliphatic series similar effects have been observed. It 
will be recalled that the carbonyl group enhances the activity 
of hydrogen on the a-carbon atom. This effect is noticed in the 
aldol condensation, in the reactions of acetoacetic ester and 
malonie ester, in Perkin’s synthesis, and in the chlorination of 
saturated acid chlorides. The capacity of a carbonyl group to 
accelerate the hydrolysis of an adjacent carbon-oxygen bond is 
revealed by the fact that ethers are hydrolyzed with great diffi- 
culty, whereas esters and acid anhydrides are readily hydrolyzed. 

The chlorine in chlorobenzene is very firmly held ; but chlo- 
rine in trinitrochlorobenzene is extremely reactive. A commer- 
cial method for making picric acid is based upon this increased 
activity of the halogen atom. Chlorobenzene is nitrated and 
the halogen is subsequently replaced by hydroxyl by merely 
boiling with water. The para hydrogen in an amine or phenol 
is much more active than hydrogen in unsubstituted benzene. 
Upon this enhanced activity depends the formation of the azo 
dyes, triphenylmethane dyes, and phthaleins. 

DIMINISHED ACTIVITY 

When carbon tetrachloride is warmed with benzene in the 
presence of aluminum chloride or with bromobenzene and 
sodium, three of the chlorine atoms are replaced by phenyl 
radicals, but the fourth chlorine atom is not removed by 
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these reagents. The ease with which triphenylchloromethane, 
(CeHjOsCCl, triphenylmethane, (C 6 n 5 ) 3 CH, and triphenyl- 
earbinol, (C 6 Hs) 3 COH, are formed and the failure to secure 
tetraphenylmethane, (CeHs^C, under similar conditions, led 
Victor Meyer to the conclusion that there was not room enough 
for the direct attachment of four phenyl radicals to a single 
carbon atom. He believed that three such groups and one 
smaller radical could be packed into the space around the 
methane carbon without forcing any one of them out to a 
point beyond the central atom’s range of attraction, but the 
fourth large group was excluded for lack of room. Meyer re- 
ferred to this phenomenon as sterie hindrance. 

The diminished activity of an atom or group between two 
side chains on the benzene ring was explained also as due to 
sterie hindrance. Aniline and toluidine form addition products 
with alkyl halides, but if side chains be introduced in both 
positions, ortho to the amino group, addition of an alkyl halide 
either fails to occur or takes place very slowly. Similarly, ben- 
zoic acid, with an alcohol, readily forms an ester ; o-toluie acid 
reacts more slowly and 2,6-xylic acid can hardly be esterified 
at all by the usual direct method. 

CH 3 CH 3 



Benzoic acid o-Toluic add 2, 6-XyKc acid 


It has been shown, however, that the failure to form such 
compounds as tetraphenylmethane and esters of di-ortho sub- 
stituted acids is not due to lack of room for an entering group. 
By indirect means Gomberg made tetraphenylmethane, and 
instead of being an unstable compound, as would be expected 
if the phenyl groups were crowding each other away from the 
central carbon atom, it proved to be a very stable substance, 
melting at 285° and distilling unchanged at 431°. A di-ortho 
substituted acid which fails to form an ester when treated with 
alcohol may be esterified by the action of its silver salt on ethyl 
iodide, and, when formed, the ester is not readily hydrolyzed. 
Sterie hindrance, therefore, is not due to insufficient space for 
the attachment of a large group. It is a retarding of the rate 
of change due in some degree, perhaps, to obstruction afforded 
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by the surrounding groups, but due primarily to chemical in- 
fluences of the ortho substituents, comparable to the accelerat- 
ing effects of the various groups discussed under Enhanced 
Activity. 

The interference or hindrance varies with the chemical na- 
ture of the groups occupying the ortho positions, and in its 
effect upon the rate of ester formation from aromatic acids it 
increases in the following order: chlorine, alkyl radical, hy- 
droxyl, bromine, iodine, nitro group. 

Benzoic, trimethylbenzoic, and trinitrobenzoic acids were 
warmed with methyl alcohol and hydrogen chloride for three 
hours. The per cent of acid esterified is indicated under each 
formula. 


COOH 


COOH 

ch 3 Qch3 


COOH 



Benzoic acid, 
90% esterified 


ch 3 

Trimethylbenzoic acid, 
48% esterified 


N0 2 

Trinitrobenzoic acid, 
6% esterified 


Results of another esterification experiment are given below. 
The acids were mixed with methyl alcohol and hydrogen chlo- 
ride, and held at a temperature of 20° for eight hours : 


COOH COOH COOH 



Salicylic acid, j3-Hydroxynaphthoic acid, ^-Anthracene carboxylic acid, 
34% esterified 3% esterified no ester formed 


Ortho substituents do not retard esterification if the carboxyl 
group is remote from the ring. It is difficult to esterify tri- 
methylbenzoic acid, but trimethylphenylacetic acid reacts with 
alcohol as rapidly as does benzoic acid : 


CH 3 

ch 3 <^>cooh 

ch 3 

Trimethylbenzoic add, 
slowly esterified 


ch 3 

CH 3 <^>CH 2 • COOH 
ch 3 

Trimethylphenylacetic acid, 
rapidly esterified 


It is possible to account for this effect on the purely physical 
basis of steric hindrance — the carboxyl group in trimethyl- 
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phenylacetic acid being beyond the protective influence of 
the methyl radicals. It is equally easy, in this case, to apply 
the chemical theory, for removal of the carboxyl group from 
the ring would virtually nullify, or it might even reverse, the 
chemical influence that the ortho substituents exert upon it. 
If steric hindrance were due to physical rather than to chemical 
influences, then long side chains should be much more effective 
than short ones. As a matter of fact, there is little, if any, 
difference in the potency of aliphatic hydrocarbon radicals, 
and no alkyl radical, however long, produces a hindering in- 
fluence comparable to that of the nitro group.* Hufferd and 
Noyes t have measured the rates of esterification of xylic acids, 
(CHs^CsHsCOOH, and have obtained results which they be- 
lieve support Meyer's theory that ortho substituents actually 
shield the carboxyl group from reagents that would otherwise 
reach it. 

* For a summary of the literature relating to steric hindrance, see A. W. Stewart's 
et Stereochemistry.” 

t Hufferd and Noyes, J. Am. Chem. Soc., 43, 925 (1921). 
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In 1900, Gomberg* prepared hexaphenylethane by the ac- 
tion of finely divided metallic zinc or silver on a solution of 
triphenylehloromethane : 

2 (CelhOsCCl + 2 Ag — *- (C 6 H 5 )3C - C(C 6 H S )3 + 2 AgCl. 

Unlike an ordinary saturated hydrocarbon, this compound 
dissolved in benzene or ether, with the development of color 
(yellow). The color was discharged when the solution was ex- 
posed to the air and a crystalline peroxide, 

(C 6 H 5 ) 3 C • O • 0 • C(C 6 H 5 ) 3 , 

precipitated. The hydrocarbon absorbed bromine and iodine, 
with the formation of triphenylmethyl halides, (C6H 5 ) 3 CBr 
and (C 6 H 5 ) 3 CI. It therefore behaved like a highly unsatu- 
rated compound, but, unlike compounds having multiple bonds, 
it formed halogen addition products with only one halogen 
atom in each molecule. This unusual behavior of the hydro- 
carbon led Gomberg to conclude that the solution contained free 
half -molecules of hexaphenylethane, namely, triphenylmethyl, 
(C6 H s ) 3 C — . Further study confirmed the opinion that in 
nonpolar as well as in ionizing solvents hexaphenylethane dis- 
sociates, establishing an equilibrium between the free radicals 
and the undissociated molecules : 

(C 6 H 5 )3C— C(C 6 H 5 )3 2 (C a H s )3C— . 

The molecular weight of the hydrocarbon, determined by 
the cryoscopic method, was found to be 480 in benzene and 407 
in naphthalene. The calculated value for the undissociated 
molecule is 486. 

With more complex groups attached to the tertiary carbon, 
much larger yields of free radicals are obtained. Thus, for 
example, phenyldibiphenylchloromethane, when dissolved in 

* Gomberg, J. Am. CJiem. Soc., 22, 757 (1900). Gomberg, Ber., 33, 3150 (1900). 
Gomberg and Bachmann, J. Am. Chem. Soc., 52, 2455 (1930). 
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benzene and treated with molecular silver, yields a product 
which is 80 per cent dissociated : 

CeHs— C 6 H4\ 

2 CeHs— CeHi^CCl + 2 Ag 

C 6 H 5 — C 6 H4\ /CeHi—CsHs 

y CeHs — CelL— ?C — C^— CeHi — CeHs 

C 6 H 5 / \c 6 H 5 

CeHs— C 6 H 4 \ 

2 CeHs— CeHAC— . 

c 6 h 5 / 

Tribiphenylmethyl chloride with silver in dry benzene yields 
the free radical only. That is to say, hexabiphenylethane in 
dilute benzene solution is 100 per cent dissociated into tri- 
biphenylmethyl, (C 6 H 5 • CeHOaC — . 



These radicals, as they exist in solution in benzene, are not 
the ions of an electrolyte. The benzene solution is not a 
conductor of electricity. In liquid sulfur dioxide and in other 
ionizing solvents they are good conductors of electricity, the 
dissociation being of such character that the pair of electrons 
constituting the valence bond between the ethane carbon atoms 
are both held by the same radical (the negative ion). In non- 
polar solvents the dissociation results in the formation of two 
identical electrically neutral radicals. 

The preparation of free radicals involves a fine technique. 
The radicals combine rapidly not only with air, water, and 
the halogens, but from complex addition products with many 
types of so-called saturated organic compounds such as phenols, 
alcohols, esters, and some ethers. They are sensitive to light 
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Evidence of the existence of divalent nitrogen has been found 
in the behavior of substituted tetraphenylhydrazines, such as 


CH 3 0<O>\ /<3> 0CH3 

N — N and 

CHaOO 7 X <^>OCH 3 

p-Tetra-amsylhydrazine 

(CH0*N<f”'X X^>N(CH 3 ) 2 

N— N 

(CH 3 ) 2 N<0> / X <O n ( ch ^ 

Tetradimethylaminophenylhydrazine 

These compounds form addition products and in solution have 
molecular weights below the calculated values for undissociated 
molecules.* 

Conant and his colleagues have prepared many derivatives 
of dixanthyl corresponding to the general formula 



•C 6 H4 X 

>0 

-CeHZ 


These compounds are soluble in bromobenzene. In this solvent 
they dissociate and, if air is not excluded, they yield crystalline 
peroxides of the following type : t 


R 



-C 6 H 4 


/C 6 H4\ 

0— 0— C< >0 

| ^CefL/ 

R 


Branch and Smith i oxidized carbazole by means of moist 
silver oxide to secure diearbazyl : 



N— N I +H 2 0 + 2Ag 

O/ x <3 


* Wieland and Gambarjan, Ber., 39, 1499 (1906). Hantzsch, Ber., 39, 2478 

*f James B. Conant and Mildred W. Evans, J. Am. Chem. Soc., 51, 1925 (1929). 
t Branch and Smith, J. Am. Chem. Soc., 42, 2405 (1920). 
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It was reasonable to assume that this hydrazine derivative 
might dissociate to a greater extent than did Wieland’s com- 
pounds. The reaction did not proceed in exact accordance 
with the above equation. An unsaturated nitrogen compound 
was formed, but its structure was not defi n itely established. 

A substituted ammonium radical was obtained in the form 
of an amalgam by McCoy and West.* Tetramethylammonium 
chloride was decomposed by electrolysis in the presence of a 
mercury cathode. The radical (CH 3 ) 4 N, acting like a free 
metal, formed an amalgam with the mercury. 

Attempts have been made to obtain compounds of univalent 
oxygen,f bivalent arsenic,! trivalent silicon, § and radicals of 
other elements, but most of these attempts have been unsuc- 
cessful. 

Hexaphenylsilicoethane, (C 6 H 5 ) 3 Si • Si(C 6 H 5 ) 3 , displays none 
of the properties of hexaphenylethane. It is a very stable com- 
pound that melts above 300°, has no color in any solvent, and 
forms no peroxide. 

A solution of bis- lead triphenyl, (C 6 H 5 )3Pb • Pb(C 6 H 5 )3, ac- 
quires a weak color at high temperatures but forms no peroxide 
and gives no other evidence of dissociation. The compound is 
made by heating lead tetraphenyl : 

2 Pb(C 6 H 5 ) 4 — >- (C 6 H 5 ) 3 Pb— Pb(C 6 H 5 ) 3 + C 6 H 5 — CeHs. 

* H. N. McCoy and F. L. West, J . Phys. Chem 16, 261 (1912). 

f Pummerer and Frankfurter, Ber., 47, 1472 (1914). Porter and Thurber, J . Am . 
Chem . Sac., 43, 1194 (1921). Goldschmidt, Schulz, and Bernard, Ann., 478, 1 (1930). 

t Porter and Borgstrom, J. Am. Chem. Soc., 41, 2048 (1919). 

§ Schlenk, Renning, and Racky, Ber., 44, 1178 (1911). J 
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A dye is a colored compound which is capable, either directly 
or with the aid of a mordant, of imparting a permanent color 
to textile fibers. The practical dyer lists such substances in two 
principal groups : (1) those that dye fibers directly (substantive 
dyes), and (2) those that require mordants (adjective dyes). 

The mordants commonly employed are aluminum, iron, chro- 
mium and tin salts, tannic acid, calcium phosphate, albumin, 
and finely divided silica. The choice of mordant is determined 
by the character of the dye. 


AZO DYES 


Any primary aromatic amine may be diazotized by nitrous 
acid (see page 224). The reaction is usually carried out by 
adding sodium nitrite to an acid solution of an amine salt. A 
diazonium salt is thus formed. 


NH 3 


N=N 



+ HN0 2 


+ 2 H 2 0. 


When the excess of acid in the solution is neutralized by the 
addition of a base, the diazonium salt is converted into a diazo 


compound. + 

N=N N=N— OH 



The reaction is reversible. Strong acids regenerate diazo- 
nium salts from the diazo compounds. 


N=N— OH N=N 



+ H+ 


+ H 2 0. 
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The diazo compound can exist in the presence of weak acids 
as well as in the presence of bases. A hydrochloric acid solu- 
tion of benzenediazonium chloride is converted into benzene- 
diazo hydroxide by the addition of sodium acetate. 

The diazo compounds combine with phenols or naphthols or 
with aromatic amines to form azo dyes. 


_N=N— OH + <^>° H 


Benzenediazo hydroxide 


Phenol 


-N=N- 

Hydroxy azobenaene 


>OH + HOH. 


It is the hydrogen atom para to the hydroxyl group in the 
phenol that is replaced. If the para position is occupied by 
any element or group other than hydrogen, coupling occurs 
in an ortho position ; and if the para and both ortho positions 
are so occupied, then coupling usually fails to occur and no 
dye is formed. In rare instances a para substituent is replaced 
by the diazo group. The same rules apply to the union of a 
diazo compound with a tertiary amine such as dimethylaniline. 

When a primary or secondary amine is coupled with a diazo 
compound, an intermediate product, known as a diazoamino 
compound, is usually formed by replacement of hydrogen at- 
tached to nitrogen. Thus diazotized aniline combines with un- 
changed aniline, yielding diazoaminobenzene in the form of 
golden-yellow plates. When this is warmed with hydrochloric 
acid or aniline hydrochloride, a rearrangement occurs and the 
hydrochloride of aminoazobenzene is precipitated in the form 
of steel-blue needles. 


<( N=N— OH + H 2 N-<3 


-N=N — NH- 

Diazoaminobenzene 


> + H 2 0; 



Aminoazobenzene 


In any case where a diazoamino compound is formed, this 
rearrangement may be induced by wanning a solution of the 
compound with an acid or with an excess of the corresponding 
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amine hydrochloride. It is an application of the Hofmann 
reaction (p. 214). 

Helianthin. Dimethylaminoazobenzenesulfonic acid, or he- 
lianthin, is prepared by mixing cold aqueous solutions con- 
taining equivalent quantities of diazotized sulfanilic acid and 
dimethylaniline hydrochloride. The sodium salt of the com- 
pound is the yellow dye known as methyl orange. It is used 
as an indicator in the titration of acids and bases. Its sensitive- 
ness to changes in the concentrations of hydrogen and hydroxide 
ions — the property that makes it a valuable indicator — ren- 
ders it useless as a dye. nzj 


N=N— OH 


N=N- 


S0 3 H 


S0 3 H 


In coupling with a-naphthol and a-naphthylamine, the diazo 
group enters in position 4 (para to the hydroxyl or amino group). 
If this position is occupied by any group or element other than 
hydrogen, or if position 3 or 5 is occupied by sulfonic acid groups, 
the union occurs in position 2 (ortho to the hydroxyl or amino 
group). With /3-naphthol or /3-naphthylamine, combination 
takes place in position 1. If this place is occupied, no coupling 
occurs. The following compounds are typical examples of com- 
mercial azo dyes : 


N = - N — x 

H(Y 
CH 3 Na0 3 sl 

Ponceau 2R 

^N=N-, 

\ HO/V 
) Na0 3 sl A 


S0 3 Na 

VVc? 


'SOsNa 


S0 3 Na 

_N— N- 
sOCH 3 


SOsNa 


Lithol red 


Azocochenille 
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The intermediates required for the production of these dyes 
may be determined by inspection of the formulas. Ponceau 
2 R, for example, is made by coupling diazotized metaxylidine 
with the sodium salt of 2-naphthol-3, 6-disulfonic acid. 

Tetrazo compounds, formed from benzidine with the naph- 
thols, naphthylamines, and related bodies, constitute the Congo 
group of dyes. The latter possess the valuable property of 
dyeing cotton without mordants. 

Congo red is formed from diazotized benzidine and naphthi- 
onic acid : 


HO— N=N< 


>N=N— OH + 2 



S0 3 H 



The substitution of tolidine, 


or of 



dianisidine, 


OCH 3 OCH 3 

h^n-<3>-<0>-nh 2 , 


for benzidine shifts the color of the dye toward the violet end 
of the spectrum. Red predominates in all dyes derived from 
benzidine by coupling with naphthylamines. The correspond- 
ing naphthol derivatives display bluer shades. Tetrazotized 
dianisidine combines with a-naphtholsulfonic acid to produce 
a pure blue dye called benzoazurine. 
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TRIPHENYLMETHANE DYES 

Triphenylmethane, (C 6 H 5 ) 3 CH, crystallizes in colorless 
prisms, melting at 93°, and boiling without decomposition at 
359°. It is prepared by the following methods : 

1 . From benzal chloride and benzene in the presence of 
al uminum chloride : 

C 6 H 5 • CHC1 2 + 2 C 6 H 6 — C 6 H 5 - CH(C 6 H 5 ) 2 + 2 HC 1 . 

2. From chloroform or bromoform and phenyl magnesium 
bromide : 

CHBr 3 + 3 CeHsMgBr — CH(CsH 5 )3 + 3 MgBr 2 . 

3. From benzaldehyde and benzene by warming the mixture 
with zinc chloride : 

CeHsCHO + 2 C 6 H 6 (C 6 H 5 ) 3 CH + H 2 0. 

Many beautiful and valuable dyes are derived from this com- 
pound. The commercial methods employed in the preparation 
of these dyes do not involve the synthesis of triphenylmethane, 
but their relationship to this hydrocarbon has been traced by 
direct synthesis, as indicated in the following examples : 

C e H-, ^ y C H 5 gX0 3 N 0 2 G 0 H 4 yCv H 4 N 0 2 

CeHs/ \H * N 0 2 C 6 H 4 // NdH 

Triphenylmethane Trinitro triphenyl carbinol 

Sn + HC1 H2NCeH4\^^y'C6H4NH2 
* HaNCeHi^ X H 

Triaminotriphenylmethane 
Geuco-base of p-rosaniline) 

Beginning with the leuco-base of the dye, the parent sub- 
stance, triphenylmethane, may be obtained through the diazo 
reaction. 

The leuco-base of a triphenylmethane dye is colorless. Mild 
oxidizing agents, such as nitrobenzene and lead dioxide, con- 
vert the leuco-base into a carbinol, called a color-base, which 
also is colorless. Dyes are derived from the color-base by the 
action of acids. The reaction, which is discussed later, consists 
of the addition of the acid to an amino group and subsequent 
elimination of water, with the establishment of a quinoid 
structure in one of the benzene rings. 
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The tim e required to complete the change in structure can 
be varied between a few seconds and several hours by control 
of the hydrogen ion concentration and the temperature. The 
process is reversible. Hydroxide ion reconverts the dye to 
the colorless color-base, water being taken up by the dye in 
alkaline solution, and simultaneously the quinoid ring goes 
back to the benzoid form. 

Malachite green. The leuco-base of tetramethyldiamino- 
triphenylmethane, or malachite green, is formed by the action 
of zinc chloride on a mixture of benzaldehyde and dimethyl- 
aniline. The leuco-base is oxidized to the color-base by lead 
dioxide and hydrochloric acid. The dye is obtained in the 
same reaction owing to the presence of hydrogen ions which 
bring about the dehydration and change of structure. 

<^>N(CH 3 ) 2 

<^>CHO + 

<C>N(CH3) 2 

Benzaldehyde Dimethylaniline 

__ yK^NCCHs), 

— + H 2 0 

Leuco-base of malachite green 


PbO, 

c 

Color-base of malachite green 


• ^<^>=N(CH 3 ) 2 C1 

Malachite green 


_ Crystal violet. Phosgene gas is absorbed by dimethylani- 
line, with the formation of tetramethyldiaminobenzophenone. 
Hydrogen chloride produced at the same time combines with 
the excess of dimethylaniline and with the ketone : 
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/Cl <^> N ( CH 3) 2 

C=0 + — C=0 + 2HCL 

\C1 <^>N(CH 3 ) 2 \<^>N(CH 3 ) 2 

Micliler’s ketone 

When warmed with phosphorus oxychloride a mixture of 
tetramethyldiaminobenzophenone (Miehler’s ketone) and di- 
methylaniline yields the color-base of crystal violet: 

(CH 3 ) 2 N<0\ 

___ CO +<^>N(CH 3 ) 2 

(CH 3 ) 2 n<0 >/ 

(CH 3 ) 2 N<0>\ 

— X C^~>N(CH 3 ) 2 . 

(CH 3 )2N<^X^ H 

Color-base of crystal violet 

The carbinol, or color-base, is converted into the dye, hexa- 
methyltriaminotriphenylmethane, by treatment with an acid : 

/<^>N(CH 3 ) 2 

(CH^OC 7 

i^KCZ > N(CH3)2 

Color-base 

H + XZ> N(0a) ‘ 

(CH 3 ) 2 N< >-c + + h 2 o. 

\<^>==N(CH 3 ) 2 

Crystal violet 

Like malachite green and other members of this class, crys- 
tal violet dyes silk and wool directly, but cotton is dyed only 
with the aid of a mordant such as tannic acid. 

Methyl violet differs from crystal violet only in having one 
methyl group less in the molecule. It is pentamethyltriamino- 
triphenylmethane. The crystals have a bronze luster. The 
dye is’ produced from dimethylaniline by oxidation with cupric 
chloride, the methane carbon being derived from one of the 
methyl groups of the amine. 
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Pararosaniline. This dye is obtained by oxidizing a mixture 
of p-toluidine and aniline with nitrobenzene : 

<0>nh 2 

h 2 n<^>ch 3 + 

<C>nh 2 

[0 2 ]* . \ / < d^ >NH 2 

— i h 2 n<^>-c-oh + 2 h 2 o. 

\ < ^-x >NH2 

Color-base of pararosaniline 

/<Z>NH, 

H 2 N <^~^> — C — OH + H+ 

\<3 >nh 2 

„ /<C^>nh 2 

-^h 2 n<^>-c + h 2 o. 


^<3 =nh 2 


Pararosaniline 


Closely related to this compound is another dye known as 
rosaniline or magenta. It is produced by oxidizing a mixture 
containing equimolecular quantities of aniline, o-toluidine, and 
p-toluidine. As in the case of pararosaniline, the methyl group 
in p-toluidine furnishes the methane carbon atom. Mercuric 
nitrate, nitrobenzene, or arsenic acid may be used to effect the 
oxidation. 

CXI3 

„ v <Z> NH * 

H 2 N< >ch 3 + 

<G> NH 2 

CH* 

[Os]* . — v /<Z>nh 2 

h 2 n<^< +h 2 o. 

-iH<I> NH = 

Color-base of magenta 

The chloride of this color-base forms large crystals having a 
bronze metallic luster. 


* Brackets are used to indicate the fact that free oxygen gas will not serve this 
purpose. 
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CH S 

XZ> NH « 

H 2 N< >C + HC1 

CH S 

/<O nh - 

— H 2 N< >- C + HoO. 

V^I>==NH 2 C1 

Magenta 

Many other dyes of this type have been made by oxidizing 
various mixtures of aromatic amines. 

Chrysaniline, a yellow dye, is formed in small quantities as 
a by-product in the manufacture of pararosaniline. Its pro- 
duction is due to part of the aniline molecules condensing with 
toluidine through loss of hydrogen ortho to the amino group. 
The leuco-base of chrysaniline has the formula 

XI> H - 

h 2 n< >— c nh 2 

When this compound is oxidized by means of lead dioxide, the 
hydrogen on the central carbon atom is removed in the forma- 
tion of water. At the same time water is formed by removal 
of hydrogen from the ortho amino group and from an ortho 
position in one of the other aniline residues. Two rings are 
thereby linked together through nitrogen as well as through 
the methane carbon. The resulting structure is 




NH 2 


It is a typical representative of the acridine group of dyes. 
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The colors of the basic triphenylmethane dyes range from 
yellow to violet, and seem to be determined primarily by the 
character and number of groups substituted for hydrogen in 
the amino groups. Yellow, red, green, and violet representatives 
of the class have been mentioned. A blue dye is obtained by 
heating pararosaniline with an excess of aniline in acetic acid. 
The product formed, known as rosaniline-blue, has the follow- 
ing structure : 

/C 6 H 4 • NH • C 6 H 5 
C^C 6 H 4 • NH • C 6 H 5 

: NH(C 6 H5)C2H 3 02 


Only three phenyl groups can be substituted for amino hydro- 
gen, one in each amino group. The corresponding compound 
with a phenyl group in only one of the amino groups is violet, 
and the diphenyl derivative is bluish violet. 

Dyes of similar structure, having one or more of the phenyl 
groups of triphenylmethane replaced by naphthalene and an- 
thracene radicals, have been prepared also. Victoria blue, for 
example, is made by treating tetramethyldiaminobenzophenone 
(Michler’s ketone) with phenyl-a-naphthylamine ; and chrom 
violet is made in a similar way from tetramethyldiaminobenz- 
hydrol and salicylic acid. 


^CioH 6 : NH(C 6 H 5 ) 
C^-CelU • N(CH 3 ) 2 
NCeHt - N(CH 3 ) 2 

Victoria blue 


^CeH, : N(CH 3 ) 
C^-CeH* • N(CH 3 ) 

/OH 
sCOOH 


'C 6 H 3 <* 


2 

2 


Chrom violet 


The amino derivatives of triphenylmethane are basic dyes. 
The corresponding hydroxy compounds are acidic. The acidic 
dyes are less important than the basic dyes; for, as a rule, 
they fail to impart fast colors to textile fibers. Aurine and 
rosolie acid, typical members of the group, are obtained from 
pararosaniline and rosaniline, respectively, by the diazo re- 
action : 


/C 6 H 4 NH 2 

HC^CelUNHa 

\C 6 H 4 NH 2 

Pararosaniline 


hno 2 

y 


/C6H4OH 

HCeC 6 H 4 OH 

NCelUOH 

Leuco-base of aurine 


The dye is formed by oxidizing the leuco-base. An inter- 
mediate carbinol or color-base is undoubtedly produced, but it 
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This also is a reversible process : 



The salts ionize and they are quite soluble, but the acid, assum- 
ing the anhydride form, is un-ionized and only slightly soluble 
in water. Solid phenolphthalein has a pale yellow color. It 
melts at 250°. 

Fluoran. Condensation of phenol with phthalic anhydride 
occurs to some extent in the ortho position, and the resulting 
phthalein loses water spontaneously, forming an oxygen linkage 
between the rings : 



The ortho condensation becomes the main reaction if, instead 
of using phenol, we employ a m-aminophenol. Thus, for ex- 
ample, dimethyl metaaminophenol and phthalic anhydride yield 
the dye known commercially as rhodamine B, 



Fluorescein. Resorcifi couples with phthalic anhydride, the 
point of attachment being ortho to one and para to the other 
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of the hydroxyl groups. At the same time water is eliminated 
from the ortho hydroxyl groups and fluorescein is produced : 




<I>H 

I 

O 

<2>oh 


An alkaline solution of the dye appears green by reflected light 
and red by transmitted light. It is easily brominated, being 
thereby converted into the beautiful red dye eosine, 


Br 



Eosine 


ALIZARIN DYES 

Nitric acid oxidizes anthracene to anthraquinone : 



H 0 


Anthracene Anthraquinone 

The structure of anthraquinone is established by its synthesis 
from phthalic anhydride and benzene in the presence of alumi- 
num chloride, and by a study of the oxidation products of its 
derivatives. 

Anthraquinone is a yellow crystalline substance which melts 
at 285°. When wanned with zinc dust in alkaline solution, 
it is reduced to anthraquinol, the sodium salt of which has a 
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deep red color. When the red solution is shaken with air, the 
color fades rapidly, owing to atmospheric oxidation. 



Anthraquinone Anthraquinol 


The most important derivative of anthraquinone is alizarin, 
a compound that forms, with metallic oxides, beautiful, in- 
soluble dyes. Cloth to be dyed is immersed in a solution of a 
salt that is readily hydrolyzed. It is then steamed to hydrolyze 
the salt and deposit on the textile fibers a film of the metallic 
oxide. The mordanted cloth is then immersed in a solution or 
suspension of alizarin. The color produced in the fiber depends 
upon the mordant used. Aluminum and tin oxides yield red 
colors; calcium oxide, blue; ferric oxide, violet-black; and 
chromium oxide, a claret color. 

Alizarin was formerly obtained from madder roots, and was 
the most highly prized vegetable dye known to the ancients. 
During the first half of the nineteenth century the annual pro- 
duction of madder was approximately 70,000 tons. In 1869 
alizarin was synthesized by Graebe and Liebermann, and in- 
dependently by Perkin. It is now made in large quantities 
by modifications of their methods, and, as a result, the cultiva- 
tion of madder has been abandoned. 

Sulfuric acid acts upon anthraquinone to produce /3-anthra- 
quinone sulfonic acid,* and this, when fused with potassium 
hydroxide, in the presence of air, yields a salt of alizarin : 



,S0 3 H 


+ 4 KOH + 0 2 


CO OK 
v/ V\oK 



+ K2SO4 + 3H2O. 


* An a-sulfonic acid is produced when the sulfonation is catalyzed by a mercury 
salt. Both sulfonic acids are formed in any case, but the two reactions are not 
equally catalyzed by the mercury salt. 
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The presence of two hydroxyl groups in alizarin is proved 
by its analysis and by its formation from phthalic anhydride 
and catechol. The hydroxyl groups must occupy ortho posi- 
tions, as they do in catechol, but the method of preparation 
does not settle the question as to whether the two hydroxyl 
groups are in a- [3 or in 8-i3 positions : 


CO OH CO 



CO CO 


i n 


Alizarin forms two mononitro derivatives, and in each case the 
nitro group enters the ring to which the hydroxyl groups are at- 
tached, for on oxidation each yields phthalic acid and not a nitro- 
phthalic acid. The ring containing the two hydroxyl groups is 
very susceptible to further oxidation, even though the same ring is 
nitrated. From formula II only one mononitro compound could 
be made by substitution in the oxidized ring, but two isomeric 
nitroalizarins would be expected from formula I. Alizarin is, there- 
fore, a-/3-dihydroxyanthraquinone, corresponding to formula I. 

Indanthrene, a dark blue dye, is produced when /3-amino- 
anthraquinone is fused with potassium hydroxide and sodium 
nitrate. It is very stable, resisting the action of oxidizing agents, 
acids, and alkalies, even at temperatures above 300°. It is 
reduced by sodium hydrosulfite in alkaline solution to a 
hydroxy derivative, which is a valuable vat dye. A vat dye 
is one that develops its color in the fiber by atmospheric oxida- 
tion after the fabric is removed from the dye bath. 



Na 2 S 2 0 4 

>- 


<- 


0 2 


OH 
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T HE INDIGOID DYES 


Indigo, obtained from the leaves of indigo plants, has been 
known for many centuries. Its value depends not only upon 
its beautiful blue color but also upon its stability. It is not 
chang ed by acids nor alkalies nor is it faded by light. It occurs 
in the plant as a glucoside, indican, C14H17O6N, which, in the 
presence of an enzyme occurring with it, is hydrolyzed by warm 
water to dextrose, C6H12O6, and indoxyl, 



Indoxyl, in alkaline solution, is readily oxidized by the air to 
indigo : 

/NH X o, / NH \ / NH \ 

2 c 6 hZ Nch 2 -Ti C 6 H4< >C=C< >C 6 H4. 

XX) / XX) / XX) / 

Indoxyl Indigo 

The commercial method of preparing the dye from natural 
sources consists of leaching the leaves of the plant with luke- 
warm water, rendering the aqueous extract alkaline by the 
addition of limewater, and churning the alkaline solution with 
paddle wheels to aerate and thus oxidize it. Extraction with 
boiling water yields the unhydrolyzed glucoside, for the activity 
of the enzyme is destroyed at that temperature. 

Since 1900 the dye has been produced synthetically, and 
thousands of acres of land in India, Japan, and South America, 
formerly devoted to the production of indigo plants, are now 
cultivated for the production of other crops. 

The first successful commercial synthesis of indigo was ac- 
complished by a reaction between anthranilic acid ( ortho - 
aminobenzoic acid) and chloroacetic acid : 


cjhZ 


NH H 4- Cl CH 2 COOH 


XOOH 


/NH— CH 2 — COOH 
C 6 H 4 / + HC 1 . 

XX)OH 


The product formed (phenylglycine-o-carboxylic acid), when 
fused with sodium hydroxide, yields indoxyl, carbon dioxide, 
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and water. The indoxyl is changed to indigo by oxidation, 
as shown above. 

Indigo is reduced in an alkaline solution of calcium hydro- 
sulfite (CaS 2 0 4 ) and by other reducing agents with the pro- 
duction of a colorless soluble product known as indigo white. 
Textiles are soaked in solutions of indigo white, then exposed 
to the air. The color develops in the fibers of the cloth through 
atmospheric oxidation during the process of (hying. Deep 
shades are produced by repeating the operation several times. 


NH 


NH 


C— C 

\/ \/ N 

COH COH 

Indigo white 




| 0 2 


NH NH 



CO CO 


Indigo 


Thioindigo is made from thiosalicylie acid and chloroacetic 
acid by reactions analogous to those given for the production 
of indigo. It is reduced to a colorless soluble compound 
known as thioindigo white, which is changed by atmospheric 
oxidation to an insoluble red dye. 


S 

/\v 

c-c 

\/ \/ N 

COH COH 

Thioindigo white 




s s 



Thioindigo 


Ciba violet is a representative of a group of dyes in which 
half the molecule is constituted like indigo and half like thio- 
indigo. It is a vat dye, developing a color between the red of 
thioindigo and the blue of indigo. It has the structure 
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STRUCTURE AND COLOR * 


The indigoid dyes are characterized by the group )>C=C<( 
between various types of condensed rings. The azo dyes have 
the group — N=N — between aromatic radicals. Each tri- 
phenylmethane dye has a benzene nucleus in the quinoid form, 

=< ( s >=. These groups were classified by Wittf as chro- 


mophores (color-producers). To this list should be added the 

groups — N0 2 , —NO, — 4 — N“— , — CO— CO— , >C=N— , 

/C— 


and >C=G 




Many colorless compounds contain one or more of these 
groups. The presence of a ehromophore alone does not ins ure 
the appearance of color, but it is generally possible to make 
colored derivatives of compounds containing one or more of 
these groups. The fulvenes contain the last member of the 
above list of ehromophores. 


CH=CH- 

CH==CH' 


C=CH 2 


Fulvene 
(yellow liquid) 


CB 

CH= 



Diphenylfulvene 
(red crystals) 


Condensed cyclic nuclei in connection with the ethylene group 
usually produce colored bodies. An example of the result of 
condensing, or tying together, aromatic nuclei is found in the 
following derivatives of ethylene : 


<X yO CIX /“G* 

c— c " c—c 

O XZ> O' XI> 

Tetraphenylethylene Diphenylenediphenylethylene 

(colorless) (colorless — yellow in solution) 


* For an explanation of the origin of color based upon the electron theory, see 
G. N. Lewis, J . Am. Chem. Soc 38 , 783 (1916). 
f 0, N. Witt, Ber., 21, 325 (1888). 
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Bidiphenylene-ethylene 
(red crystals — red in solution) 


Any change in the stereochemical structure of a molecule 
modifies the character of its absorption spectrum. We have, 
for example, a colored and a colorless dibenzoylethylene ; they 
are geometrical isomers : 

H • C • CO • C 6 H 5 H ■ C • CO • C 6 Hs 

II II 

H • C • CO • C 6 Hs C 6 Hs • CO • C - H 

Colorless Yellow 

Two carbonyl groups, if adjacent, impart color to the mole- 
cule ; but if separated by one or more carbon atoms, this prop- 
erty disappears : 

CH 3 - CO - CO • CH 3 CH 3 • CO • CH 2 • CO ■ CH 3 

Diacetyl (yellow) Acetylacetone (colorless) 

c 6 h 5 - CO - CO - c 6 h 5 c 6 h 5 • CO • CH 2 • CO • c 6 h 5 

Benzil (yellow) Benzoylacetoplienone (colorless) 

To produce a red azo dye, at least one of the groups attached 
to the diazo nitrogen atoms must be heavier than a phenyl 
radical, as, for example, a naphthol or naphthylamine residue. 
Nearly all aliphatic azo compounds are colored, but they do not 
act as dyes on textiles. 

The trade names R-salt and G-salt are applied to the salts 
of /3-naphthol disulfonic acids, to indicate that these naphthol 
derivatives couple with diazonium salts to form pure red and 
yellowish red dyes, respectively (rot and gelb). 

SO,Na 



jR-Salt Cf-Salt 


A group that modifies the properties of a colored compound 
in such a way as to make it a dye is called an auxochrome 
group. Azobenzene is colored, but it fails to dye textiles. 
Aminoazobenzene and hydroxyazobenzene are yellow dyes. 
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The auxochrome may also contribute to the determination 
of color or shade. Naphthylaminesulfonic acid and benzidine 
yield a pure red dye, whereas naphtholsulfonic acid and benzi- 
dine yield a reddish blue dye. 

With one amino group para to the methane carbon in tri- 
phenylmethane we have an orange-red dye. With two rings 
so modified the color changes to violet, and with an amino group 
in the para position in each of the three benzene rings we have 
the bluish red pararosaniline. When six methyl groups are 
substituted for the six amino hydrogen atoms in pararosaniline, 
crystal violet is produced. The introduction of three phenyl 
radicals in pararosaniline (one phenyl radical being substi- 
tuted for a hydrogen atom in each of the three amino groups) 
changes the color to blue. 



THE PROTEINS 


Compounds known as proteins constitute the major part of 
the solid matter in the skin, muscle, nerve, blood, hair, and nail 
of the animal organism. They occur also as essential constitu- 
ents of every plant. They are of the utmost importance to all 
forms of life. No substitution can be made for proteins in the 
diet. They are necessary for the continuance of life. 

The molecular weights of proteins have not been determined 
with precision, and we are hardly justified in assigning definite 
molecular formulas even to the crystalline proteins that rep- 
resent the purest types known. The ordinary criteria of purity 
(for example, sharp melting point, melting point unchanged 
by recrystallization, constant boiling point, and so on) cannot 
be applied, for proteins decompose before they melt. The best 
that can be done is to secure a homogeneous sample that can be 
recrystallized or reprecipitated without change in composition. 

Many proteins are soluble in water, but the depression of 
the freezing point and elevation of the boiling point due to a 
dissolved protein never exceed a few hundredths of a degree, 
and the probable experimental error amounts to a large per- 
centage of the total observed change. 

We have chemical means of fixing minimum values of the 
molecular weights of some proteins ; and these values in some 
cases agree with estimates made on the basis of measurements 
of the physical properties of their solutions. Haemoglobin con- 
tains 0.33 per cent of iron. In one molecule of haemoglobin 
there cannot be less than one atomic weight of iron. From 
the proportion 0.33 : 100 = 56 : M, the minimum value for the 
molecular weight, M, is 17,000. It contains sulfur also (0.38 per 
cent). Cystine has been identified as one of the products 
formed when haemoglobin is hydrolyzed, and cystine contains 
two atoms of sulfur. There must be at least two atoms of 
sulfur in the haemoglobin molecule. From the proportion 
0.38 : 100 == 64 : M, we have for the minimum value 16,842. 
A measurement based upon sedimentation equilibrium in an 
aqueous solution of haemoglobin when subjected to a eentrif- 
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ugal force gives a value of 68,000 for the molecular weight of 
the protein.* Recent osmotic pressure measurements indicate 
that in aqueous solution at the isoelectric point the molecular 
weight of haemoglobin is 68,000.f This means that each mole- 
cule of haemoglobin contains four atoms of iron. 

Egg albumin has a molecular weight of approximately 34,000, 
and this is considered a small protein molecule. Casein de- 
rived from milk contains cystine, and its minimum molecular 
weight, based upon its cystine content, is 96,000. Other ana- 
lytical results indicate that the true molecular weight is prob- 
ably 192,000. 

Though differing widely in many chemical and physical 
properties, the proteins are remarkably similar in composition. 
Most of them are composed of only half a dozen elements, and 
the relative proportions of these few elements vary between nar- 
row limits. The minimum and maximum values are as follows : 


Per Cent 


Carbon 50-55 

Oxygen 19-25 

Nitrogen 15-19 

Hydrogen 5-8 


Per Cent 


Sulfur 0-5 

Phosphorus 0-1 

Other elements 0-1 


It was realized more than a century ago that the only hope 
of securing an insight into the nature of the proteins was by 
decomposition of the complex molecules and identification of 
the simpler groups thus produced. The early researches were 
directed toward the decomposition products obtained by fusion 
with alkali or by oxidation with nitric acid or with potassium 
permanganate. 

b In 1820 Braconnot hydrolyzed a protein by boiling it with 
dilute sulfunc acid and he identified glycine (aminoacetic acid) 
as one of the hydrolysis products. This was the first important 
step towards the solution of the problem. Hydrolysis of a pro- 
tein is accomplished in several ways : (1) boiling in acid solu- 
tion ; (2) boiling in alkaline solution ; (3) action of superheated 
steam ; (4) action of enzymes. Twenty amino acids have been 
definitely identified as constituents of the proteins. Some pro- 
teins contain all of them. In each of these acids an amino group 
(NH 2 ) or an imino group (NH) is attached to an o-carbon 
atom, that is, a carbon atom adjacent to the carboxyl group. 

*T. Svedberg and Robin Fahraeus, J. Am. Chem. Soc., 48, 430 (1926). 
t G. S. Adair, Proc. Roy. Soc. London , Division B, 98, 523 (1925). 
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AMINO ACIDS 


1. Glycine: CH 2 NH 2 • COOH 

2. Alanine: CH 3 • CHNH 2 • COOH 

cu 

3. Valine: NcH • CHNH 2 • COOH 

ch-/ 

CH3\ 

4. Leucine: >CH • CH 2 • CHNH 2 • COOH 

ch 3 / 

CH 

5. Isoleucine: *\CR . CHNH 2 • COOH 

c 2 h 5 / 

6. Phenylalanine: C 6 H 5 * CH 2 * CHNH 2 • COOH 

7. Tyrosine: HO • C 6 H 4 • CH 2 - CHNH 2 - COOH 

8. Serine: CH 2 0H • CHNH 2 • COOH 

9. Cystine: HOOC * CHNH 2 • CH 2 * S • S * CH 2 * CHNH 2 • COOH 

10. Aspartic acid: HOOC * CH 2 * CHNH 2 • COOH 

11. Glutamic acid: HOOC • CH 2 • CH 2 • CHNH 2 • COOH 

12. ft-Hydroxyglutamic acid: HOOC • CH 2 * CHOH * CHNH 2 * COOH 

/NH 2 

13. Arginine: HN=C(f 

NtfH - CH 2 • CH 2 • CH 2 • CHNH 2 • COOH 

14. Lysine: H 2 N * CH 2 * CH 2 * CH 2 * CH 2 • CHNH 2 * COOH 

15. Histidine : >>CHv 

N NH 

I I 

CH=C— CH 2 • CHNH 2 * COOH 

16. Proline: CH 2 — CH 2 

I I 

CH 2 CHCOOH 




17. Oxyproline: CH 2 — CHOH 

CH 2 CHCOOH 


18. Tryptophane: 


C— CH 2 • CHNH 2 • COOH 

C 6 H 4 CH 

\/ 

NH 

I I 


19. Thyroxine:* HO< ^ — 0 — ^ >CH 2 * CHNH 2 • COOH 

20. Methionine ;f CH 3 * S * CH 2 * CH 2 * CHNH 2 * COOH 


* Isolated by E. C. Kendall. Synthesized by C. R. Harrington and G. Barger. 
See Biochem. J., 21, 169 (1927) ; E. C. Kendall, Thyroxine, Chemical Catalog Co. 
(1929). 

t Isolated by J. H. Mueller. Synthesized by Barger and Coyne. See H. B. 
Vickery and T. B. Osborne, Physiol. Rev., 8, 409 (1928). 
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Glycine, aminoacetie acid, CH 2 NH 2 • COOH, was first ob- 
tained from gelatin by boiling with sulfuric acid. It occurs in 
very small quantities in vegetable proteins and has not been 
detected at all in casein nor in albumin. It is abundant in gela- 
tin and in silk fibroin. Glycine melts and decomposes at 233°. 

Cyanogen is half reduced and half hydrolyzed by hydriodic 
acid and is thereby converted into glycine : 

CN CH 2 NH 2 

| + 5 HI + 2 H 2 0 — v | + NHJ + 2 I 2 . 

CN COOH 

Glycine may be prepared also by Gabriel’s synthesis from 
potassium phthalimide and chloroacetic ester : 

/ C0 \ 

Cell/ \NK + CICH2COOC2H5 

/CO 

— »C 6 H 4 < 

x CO 

On hydrolysis this derivative of phthalimide yields phthalic 
acid, glycine, and ethyl alcohol : 

C 6 H 4 (C00H) 2 + NH 2 CH 2 COOH + C 2 H 5 OH. 

Alanine, a-aminopropionic acid, CH3 • CHNH 2 • COOH, is 
widely distributed, being found in almost every known protein. 
It was synthesized by Strecker (1850) thirty years before it 
was identified as a protein constituent. His method, which 
follows, has been applied with equal success in the preparation 
of some other amino acids. By treatment with ammonia an 
aldehyde is converted into an aldehyde ammonia. In the prepa- 
ration of alanine acetaldehyde is used : 

CH 3 • CHO + NH 3 — CH 3 • CHNH 2 • OH. 

The hydroxyl group in this addition product is replaced by CN 
through the agency of hydrogen cyanide : 

CH 3 • CHNH 2 • OH + HCN — v CH 3 • CHNH 2 • CN + H 2 0. 

The cyanide is then hydrolyzed by boiling it with an acid or 
with a solution of potassium hydroxide : 

CH 3 • CHNH 2 • CN 4- 2 H 2 0 — *- CH 3 • CHNH 2 • C00NH 4 . 


\N • CH2COOC2H5 + KC 1 . 
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Valine, a-aminoiso valeric acid, 

CH 3v 

X CH - CHNH 2 • COOH, 

was isolated from the hydrolysis products of proteins, and its 
empirical formula was determined, as early as 1856. Ten years 
later it was synthesized from valeric acid; hut the identity 
of the natural and synthetic products was not established until 
1906. Valine melts and decomposes at 298°. 

Leutine, a-aminoisobutylaeetic acid, 

CH 3x 

>CH • CH 2 • CHNH 2 • COOH, 

ch 3 / 



occurs in very large quantities in animal and vegetable prot eins . 
It is found also in the free state in some organs of the body 
and in the seeds of many plants. It constitutes 6.6 per cent 
of gliadin, 19 per cent of zein, 14 per cent of edestin, and more 
than 9 per cent of casein. It was isolated from meat, cheese, 
silk, horn, and albumin in the first half of the nineteenth century. 

The malonic ester synthesis gives a satisfactory yield : 


COOC 2 H 5 


COOC 0 H 5 


CH 2 
I 

COOC 2 H 6 


Na CHNa* (CH 3 ) 2 CH • CH 2 Br 


COOC 2 H 5 


C00C 2 H s 
I JBr 


COOC 2 H 5 

c/ H J c< 

I X1H 2 CH(CH3 ) 2 I X CH 2 CH(CH 3 ) 2 

cooc 2 h s cooc 2 h 5 


h 2 o 


COOH 

1 yBr 


Q/ 

1 X CH.CH (CH 3 ) 2 heat > (CH^CHCHrCHBrCOOH+CO-, 
COOH 

(CH 3 ) 2 CH • CH 2 • CHBr • COOH + 3 NH 3 

— (CH 3 ) 2 CH • CH 2 - CHNHs • COONH4 + NBUBr. 


* For many years the formula of sodiomalonic ester has been written in this form. 
It is probably incorrect* (See pages 408-409.) 
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Isoleucine, cr-amino-/3-methylvaleric acid, 

CH 3x 

>CH - CHNH 2 • COOH, 

C2H5/ 

is very similar to leucine in all properties and may be synthe- 
sized in the same way, with the substitution of secondary butyl 
bromomethane for the isobutyl derivative used in the equations 
given above. Isoleucine has been prepared also by the action 
of ammonia on the corresponding ehloro acid and from valer- 
aldehyde through the agency of ammonia and hydrogen cyanide. 
Phenylalanine, /3-phenyl-a-aminopropionie acid, 

C 6 Hs • CH 2 • CHNH 2 • COOH, 

is found among the hydrolysis products of almost all proteins. 
Its constitution was proved by Erlenmeyer and Lipp, who pro- 
duced it from phenylacetaldehyde by an application of the 
cyanhydrin synthesis. 

Tyrosine, jS-pamhydroxyphenyl-a-aminopropionie acid, 

HO<3>-CH 2 • CHNHs • COOH, 

is the first of the amino acids to crystallize from solutions of 
the hydrolysis products of proteins. Cystine is almost equally 
insoluble and the two are usually obtained together. Their 
separation is accomplished by dissolving the tyrosine in dilute 
nitric acid or by precipitating the cystine in the form of its 
mercury salt. Tyrosine was discovered by Liebig among the 
products obtained by fusing cheese with potassium hydroxide.' 
It crystallizes in fine glossy needles.* 

Serine, <a-amino-/3-hydroxypropionic acid, 

CH 2 OH • CHNH 2 • COOH, 

is abundant in silk glue. Serine crystals melt and decompose 
at 246°. 

Cystine, di (/3-thio-a-aminopropionic acid), occurs in great 
abundance in hair, wool, and horn. It is present in all sulfur- 
containing proteins and is the only source of sulfur in man y 

* For methods of synthesizing this and the following amino acids and for a more 
complete discussion of all hydrolysis products of the proteins see Plimmer’s "Chem- 
leal Constitution of the Proteins." 
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of them. Cystine decomposes at 258°. It may be synthesized 
from serine as follows : 


CHoOH CH 2 SH 

! PoS- | 

CHNH 2 — CHNHo 

COOH COOH 

Serine Cysteine 


CHo— S— S— CH 2 

hno 3 | ! 

^ chnh 2 chnh 2 

I I 

COOH COOH 

Cystine 


Aspartic acid, or aminosuccinie acid, occurs in very limited 
quantities in most proteins. Its amide, asparagine, is abundant 
in asparagus and in peas and beans. The aspartic acid derived 
from proteins is lsevorotatory. It melts at 270°. Its formula is 

COOH • CHNHs • CH 2 • COOH. 


Glutamic acid, a:-aminoglutaric acid, 

COOH • CHNHs • CH 2 • CH 2 • COOH, 

occurs in many seeds. Gliadin, from wheat, is 43 per cent 
glu tami c acid. Zein, from com, is 26 per cent, and edestin, from 
hemp seed, is more than 18 per cent glutamic acid. Glutamic 
acid melts at 198°. 

Arginine, a-amino-5-guanidine valeric acid, has the structure 
NH 3 


C 


=NH 


nh 2 


NH— CH 2 • CH 2 • CH 2 • CH • COOH 

It is a basic substance. It turns litmus blue and forms stable 
carbonates. The dextro form occurs in nature. Both optically 
active forms have been prepared in the laboratory. 

Lysine, a-e-diaminocaproic acid, 

CH 2 NH 2 • CH 2 • CH 2 • CH 2 • CHNH 2 • COOH, 

has not been obtained in crystalline form. It yields a crystal- 
line salt with picric acid and is usually isolated in this form. 

Feeding experiments indicate that lysine is of supreme im- 
portance to the growing animal organism. Arrested develop- 
ment due to insufficient lysine in the diet has been reported by 
many investigators. 
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Proline, a-pyrrolidine carboxylic acid, is the only member 
of the group which dissolves freely in alcohol. It is a hetero- 
cyclic compound having the structure 

CH 2 CH 2 


CHo CH— COOH. 

V / 

NH 


Oxyproline has been isolated from very few proteins and has 
never been found in large amounts. It is represented by one 
of the following formulas : 


CH 2 — CHOH 

I I 

CH 2 CH— COOH 




HOCH— CH 2 

I I 

CH 2 CH— COOH. 

\/ 

NH 


The position of the hydroxyl group has not been determined. 

Tryptophane, /3-indoxyl-a-aminopropionic acid, is destroyed 
by acids and by heat and therefore does not appear among the 
hydrolysis products of proteins unless the decomposition is 
effected at ordinary temperatures by the action of enzymes. 
Feeding experiments have demonstrated the fact that animals 
deprived of tryptophane die within a few weeks. Zein, found 
in com, and gliadin of wheat contain no tryptophane. These 
substances alone, therefore, fail to supply the protein require- 
ments in the diet. 

Thyroxine, a constituent of the thyroid gland, is an amino 
acid. Myxoedema and goiter are among the disorders that are 
due to thyroid deficiency. Thyroxine has been synthesized. It 
has the following structure : 

I I 

HO< >-Q-^ >CH 2 — CH-COOH 

I I NH a 

The amino acids are almost neutral compounds, since the 
carboxyl group is virtually neutralized by the a-amino group. 
Henriques and Sorensen devised a method of rendering the 
amino group inactive, thereby making it possible to determine 
the number of carboxyl groups in any given sample by the 
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usual analytical methods.* Formaldehyde is added to the 
solution and each amino acid molecule reacts with it as 
follows : 

R— GH— COOH R— CH— COOH 

| + CH 2 0 — *■ | + H 2 0. 

nh 2 n=ch 2 

Phenolphthalein is then added as an indicator, and the solution 
is titrated with a standardized solution of sodium hydroxide. 
A correction is necessary if an ammonium salt is present, for 
in this case the following reaction occurs : 

4 NH4+ + 6 CH 2 0 N 4 (CH 2 ) 6 + 4 H+ + 6 H 2 0. 

The hydrogen ions produced in this reaction neutralize part of 
the base used in the titration. 

STRUCTURE OF THE PROTEINS 

When hydrolyzed, the simple proteins yield amino acids only. 
More complex proteins yield amino acids and other products. 
Carbohydrates, phosphoric acid, purines, pyrimidines, and leci- 
thins are among the hydrolysis products of some proteins. The 
prot eins are amphoteric substances. In the presence of bases 
they act like weak acids, forming salts in which the protein 
constitutes the negative ion. When mixed with acids they act 
like weak bases, forming salts in which the protein is the positive 
ion ; but the quantity of acid or of base that can be neutralized 
by a protein is insignificant compared with the neutralizing 
capacity of the amino acids which the protein yields on hy- 
drolysis. In the protein molecule the amino acids are com- 
bined in such a way as to neutralize the basic amino groups 
and the acidic carboxyl groups. At the beginning of the twen- 
tieth century F. Hofmeister and Emil Fischer independently 
reached the conclusion that these acids are linked together 
through the amino and ' carboxyl groups. Suppose, for ex- 
ample, that a molecule of water is eliminated through a reac- 
tion between the amino group of glycine and the carboxyl 
group of alanine as shown in the following equation : 


* V. Henriques and S. P. L. Sorensen, Z. physik. Chem., 64, 120 (1908). 
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CHs—CH— COOH; 

H 


nh 2 

Alanine 


NH 

CH 2 — COOH 


Glycine 

CHs—CH— CO 
— * NH 2 NH 


+ H 2 0. 


CH 2 — COOH 

Alanylglycine 


The product, alanylglycine, is a dipeptide — a compound de- 
rived from two amino acids through the loss of one molecule of 
water. The two units are held together through a — CO — NH — 
group. This is called a peptide linkage. It is the same type of 
linkage that occurs in an amide, R — CO — NH 2 . A dipeptide 
is a substituted amide. 

A reaction between the amino group of this dipeptide and the 
carboxyl group of an amino acid gives rise to a tripeptide : 


CHs—CH— CO 


CHs x 

>CH— CH— CO 

ch 3 / I 

NH 2 


H 

OH 


iNH NH 


Valine 


CHs— COOH 

Alanylglycine 


CHs—CH— CO 


CH S 


CH-/ 


NCH— CH— CO— NH 


NH 2 

V alylalanylgly cine 


NH 

I 

CH 2 — COOH 


+ H 2 0. 


A tripeptide is composed of three amino acid molecules less two 
molecules of water. In general, a polypeptide is composed of 
n amino acid molecules less n — 1 molecules of water, the 
linkage, in each case, involving an amino group of one unit and 
a carboxyl group of another. It is possible to synthesize poly- 
peptides, but not by a simple dehydration of the amino acids 
as indicated above. The simple proteins are polypeptides of 
high molecular weights. 
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In the proteins most of the amino acid linkages are of the 
amide type, but there is abundant evidence that not all the 
amino acid units are linked through the — CO — NH — groups. 
Some cyclic hydrolysis products of proteins contain groups in 
which three carbon atoms are attached to the same nitrogen 
atom. We know nothing of the nature of the union between 
the amino acid units and the carbohydrates or the nucleic acids 
that are constituents of many conjugated proteins. It is beyond 
the scope of this book to describe all the types of hydrolysis 
products that have been derived from the proteins or to ou tlin e 
all the possible modes of union between these uni ts.* 

The general formula of a simple protein may be written 
as follows : 

chrnh 2 -co-nh-chr-conh-chrco-nh-chr-cooh 

in which each R represents the residue beyond the a-carbon 
atom of an amino acid. 

To be more specific, a protein molecule may be represented 
by a structure of the following type : 
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* For good discussions of this subject see Emil Klarmann, Chem. Rev., 4, 51 
(1927) ; Andrew Hunter, Trans . Roy. Soc Canada, 19, 1 (1925) ; H. B. Vickery and 
Thomas B. Osborne, Physiol. Rev., 8, 393 (1928) ; L. M. Chapman, D. M. Greenberg, 
and C. L. A. Schmidt, J. Biol. Chem., 72, 707 (1927) ; Edwin J. Cohn, Physiol. Rev., 5, 
349 (1925). 
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This hypothetical tetradecapeptide may not actually exist. 
The formula is intended merely to illustrate the polypeptide 
type of structure. 


SYNTHESIS OF POLYPEPTIDES 

When amino acids are heated with dehydrating agents, ring 
compounds are produced by the elimination of water from the 
amino group of one molecule and the carboxyl group of another. 
These products belong to the class of compounds known as 
diketopiperazines. Taking glycine as the simplest example, the 
formation of the dehydration product is represented as follows : 

CH 2 NH 2 COOH CH 2 — NH— CO 

I + I i I 

COOH CH 2 NH 2 CO— NH— CH 2 

When warmed with dilute sodium hydroxide or concentrated 
hydrochloric acid, this product is partly hydrolyzed.* One 
molecule of water is added, and the bond between carbon and 
nitrogen in one of the — CO — NH — groups is broken. The 
ring structure is thus destroyed. 


H 

CH 2 — NH- 

I 

CO — NH- 


OH 

CO 

I 

-CHa 


NH 2 -CH 2 -CO— NH— CHa— COOH. 

Glycylglycine 


Since glycylglycine is itself an amino acid, it might be ex- 
pected to yield an anhydride which, by partial hydrolysis, could 
be converted into a tetrapeptide, or it might form a mixed 
anhydride with a single molecule of any amino acid and give 
rise to a tripeptide. Attempts to build up polypeptides by this 
method have failed. Dipeptides are easily made ; tripeptides 
are formed in a few instances, but the limits are soon reached, 
and the hope of synthesizing proteins in this manner has been 
abandoned. A better method, based upon reactions of chloro 
acid chlorides and amino acids, was developed by Fischer. An 
acid chloride is prepared by the action of phosphorus tri- 
chloride on the free organic acid. Chlorine acts upon the 
chloride of a saturated acid, substituting chlorine for hydrogen 


* Prolonged heating results in complete hydrolysis to amino acids. 
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in the a position. The chloro acid’ chlorides thus produced 
react energetically with free amino acids, eliminating hydro- 
chloric acid : 

CH 3 • CHC1 • COC1 + C 6 H4(OH)CH 2 • CHNHs • COOH 

Chloropropionyl chloride Tyrosine 

— > CH 3 • CHC1 • CO - NH - CH • COOH 

CH 2 • C 6 H4 • OH 

The remaining chlorine atom may be replaced by an amino 
group through the agency of ammonia. The compound is dis- 
solved in an excess of a 25 per cent aqueous solution of ammonia 
and held at a constant temperature until most of the chlorine 
has been displaced. This usually requires from twenty-four to 
eighty hours. The temperature range for this work is 25° to 60°. 
In this case the product would be the dipeptide alanyltyrosine, 

CH 3 • CHNH 2 • CO • NH • CH ■ COOH 

CH 2 • C 6 H4 • OH 

Alanyltyrosine 

The dipeptide acts like a free amino acid on other chloro acid 
chlorides : 

CH 3 • CHNH‘, • CO • NH • CH • COOH + CH 2 C1 • COC1 

I 

CHs • C 6 Hj • OH 

Alanyltyrosine Chloroacetyl chloride 

— CHsCl • CO • NH • CH • CO • NH • CH • COOH 

I I 

CH 3 CH 2 • C 6 H 4 • OH 

On treatment with ammonia this yields a tripeptide : 

CH 2 NH 2 • CO • NH • CH • CO • NH • CH • COOH ’ 

I I 

CH 3 CH 2 • C 6 H4 • OH 

Glycylalanyltyrosine 

It is theoretically possible to lengthen the chain indefinitely. 
Experimental difficulties, however, multiply rapidly and es- 
tablish practical limits. By this method, with many ingenious 
variations, Fischer built up an octadecapeptide (eighteen amino 
acid molecules combined), a compound with a molecular weight 
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of 1213. It was a colorless, amorphous substance which, in 
water, gave a highly dispersed colloidal solution with faint 
opalescence. Like most natural proteins, it was precipitated 
from solution by ammonium sulfate and by tannic acid. There 
can be no doubt that this compound would have been classified 
as a protein if it had been discovered in nature instead of ap- 
pearing as a synthetic preparation. A polypeptide containing 
nineteen amino acid residues and having a molecular weight 
of 1326 was made by Abderhalden and Fodor.* 

HYDROLYSIS OF PROTEINS 

Simple proteins. The digestion of a protein is a natural process 
of hydrolysis. Artificially the same result is achieved by heat- 
ing the protein with an aqueous solution of an acid or a base. 

Hydrolysis of simple proteins by acids, by alkalies, or by 
the ferments of the alimentary tract consists in adding water 
molecules to the — CO — NH — groups, thus breaking the bonds 
between carbon and nitrogen, with the production of carboxyl 
and amino groups. As one after another of these groups suffers 
cleavage, the protein molecule is gradually broken into poly- 
peptide fragments. It is not a regular process, resulting in a 
split at the center of the chain each time, nor is it a uniform 
erosion of the molecule through the breaking off of terminal 
groups. Simple and complex hydrolysis products appear to- 
gether from the beginning of the proteolytic action. Pepsin 
of the gastric juice induces hydrolysis of proteins to a limited 
extent, giving rise to substances similar to the original protein 
in general character and composition but of lower molecular 
weight. These first cleavage products are known as proteoses 
and peptones. They differ, from the parent protein only in 
degree of molecular complexity and a few properties dependent 
primarily upon the size of the molecule. Trypsin and erepsin, 
ferments of the intestinal tract, complete the hydrolysis. A 
protein, for example, may form an opalescent solution, coagu- 
late when heated, and precipitate in the presence of ammonium 
sulfate. After partial hydrolysis it may form an optically clear 
solution and fail to coagulate on heating but retain all other 
properties of the original compound. The protein has been 
converted into proteoses. A continuation of the process results 

* Emil Abderhalden and Andor Fodor, Ber., 49, 561 (1916). 



THE PROTEINS 


305 


in the formation of substances which still display protein char- 
acteristics but can no longer be salted out of solution by ammo- 
nium sulfate. The proteoses have been converted into peptones. 
As the cleavage proceeds, the units become too small to behave 
like proteins, yet they are more complex than single molecules 
of amino acids. They are polypeptides. Finally the mix ture 
consists of free amino acids, the hydrolysis being complete. 

Proteins of the diet reach the blood stream through the walls 
of the intestine chiefly in the form of amino acids,* and these 
are recombined within the cells of the body to form the charac- 
teristic tissues of the organism. It is evident that the most sat- 
isfactory protein diet is one that supplies the different amino 
acids in the proportions required by the tissues they nour ish 
Persons who depend entirely upon a vegetable diet must ingest 
and eliminate excessive amounts of some protein constituents 
in order to secure the minimum requirement of others. As 
the food approaches in proximate analysis that of the tissue it 
builds, the waste in the energy of the system is reduced and at 
the same time the quantity of food required is diminished. 

Nucleoproteins. The nucleoproteins are obtained from the 
nuclei of cells in plant and animal tissues and are composed of 
simple proteins in combination with nucleic acids. The term 
nucleic acid has a rather definite meaning although it is applied 
to a great variety of compounds. It refers to an acidic hydrolysis 
product of proteins derived from cell nuclei. It consists of phos- 
phoric acid in combination with at least one purine base, a 
pyrimidine derivative, and a carbohydrate. The complete hy- 
drolysis of a nucleoprotein is represented by the following 
diagram. The first cleavage is brought about by gastric diges- 
tion, and the subsequent processes are due to the action of 
trypsin and erepsin ; or the complete degradation of the mole- 
cules can be accomplished artificially by boiling with alkali. 


Nucleo- 
protein X 


Simple protein -*- polypeptides amino acids 

Simple protein->-polypeptides->-amino acids 


Nuclein^ 


Nucleic acid-*- 1 


phosphoric acid 
carbohydrate 
purines 
pyrimidines 


* This statement is disputed by some physiologists. For discussions of the 
question see Cathcart’s "The Physiology of Protein Metabolism" and Robertson's 
"Principles of Biochemistry." 
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The carbohydrate derived from most nucleic acids of plant 
origin is a pentose, d-ribose. This sugar, as well as several 
hexoses, occurs in nucleic acids of animal tissues. Methyl- 
pentose, a glucoside derived from pentose by replacement of a 
hydroxyl hydrogen atom by the methyl radical, has been iden- 
tified as a constituent of a few nucleoproteins. 

The purine bases found in nucleic acids almost invariably 
include guanine and adenine. In the pyrimidine group cysto- 
sine may be mentioned as the most widely distributed repre- 
sentative. Uracil is found in nearly all vegetable nucleic acids, 
and thymine is present in all nucleoproteins of animal origin. 

Isolation of amino acids. The protein is hydrolyzed, usually by boiling it 
with 25 per cent sulfuric acid until the mixture no longer responds to the 
biuret test. The time required varies from a few hours to a week. The solu- 
tion is then diluted with water, filtered, neutralized with barium carbonate, 
and separated by filtration from the precipitate of barium sulfate and excess 
of barium carbonate. The clear filtrate is concentrated by evaporation. The 
very slightly soluble acids, tyrosine and cystine, crystallize and are removed 
by filtration. 

Diamino acids are precipitated by means of phosphotungstic acid and 
removed by filtration. The excess of phosphotungstic acid is removed by 
precipitating it with barium hydroxide, and the excess of barium is re- 
moved by means of carbon dioxide. The filtrate from these residues is satu- 
rated with hydrogen chloride, and, on standing, glutamic acid crystallizes 
out. The amino acids remaining in solution are esterified by the action of 
alcohol and hydrogen chloride. Glycine ester hydrochloride, being only 
slightly soluble, separates in crystalline form when the alcohol is removed 
by evaporation. The solution is then neutralized with potassium carbon- 
ate, and aspartic ester is extracted with ether. The remaining esters are 
separated into small groups by fractional distillation under reduced pres- 
sure. Fischer tabulates the fractions as follows : 


I 

50°- 60° 

10 mm. 

Glycine, alanine, leucine. 

II 

60°- 90° 

10 mm. 

Leucine, valine, proline. 

III 

90°-100° 

0.5 mm. 

Leucine, proline. 

IV 

130°-180° 

0.5 mm. 

Phenylalanine, glutamic acid, aspartic acid, serine. 


The fractions are separately hydrolyzed, and the free acids in each group 
are isolated by extraction with various solvents or by fractional crystalli- 
zation of the free acids or of their copper, silver, lead, or barium salts. 


CLASSIFICATION 

W6 do not know the order in which the amino acids are 
assembled nor the exact number of them in any particular 
molecule. We do not know the nature of the union between 
the amino acid groups and such other units as were mentioned 
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in connection with the nucleoproteins. A scientific classifica- 
tion cannot be made until these things have been determined. 
An arbitrary classification based upon proximate analyses and 
a few physical properties has been adopted by the American 
Physiological Society and the American Society of Biological 
Chemists. It is given below. 

I. Simple Proteins. Hydrolysis products consist of amino acids only, 

a. Albumins . Soluble in water. Coagulable by beat. 

5. Globulins. Insoluble in water. Soluble in neutral salt solutions. 

c. Glutelins . Insoluble in neutral solvents. Soluble in dilute solutions 

of acids and bases. 

d. Prolamins. Soluble in 70-80 per cent alcohol, insoluble in absolute 

alcohol, water, and other neutral solvents. 

e . Albuminoids . Insoluble in all neutral solvents. 

/. Histones. Basic proteins. Soluble in water. Insoluble in dilute 
ammonia. Form precipitates with solutions of other proteins. 
Coagulate when heated. Coagulum soluble in very dilute acids. 
g . Protamines . Simple polypeptides — not coagulated by heat. Basic 
amino acids predominate in hydrolysis products. 

II. Conjugated Proteins. Hydrolysis products consist of amino acids 
^and at least one other type of molecule. 

a. Nucleoproteins . One or more protein molecules combined with 

nucleic acid. 

b . Glycoproteins. Proteins combined with a carbohydrate not included 

in nucleic acid. 

c. Phosphoproteins. Proteins containing phosphorus not included in 

nucleic acid nor in lecithins. 

d. Haemoglobins. Proteins combined with haematin. 

e. Lecithoproteins. Proteins combined with lecithins. 

III. Derived Proteins. Cleavage products of more complex proteins. 

a. Proteans. Insoluble in water. First products of hydrolytic cleavage. 

b. Metaproteins , Products formed by further action of acids, alkalies, 

or enzymes. Soluble in dilute acids and alkalies. Insoluble in 
neutral solvents. 

c. Coagulated Proteins. Insoluble products formed by the action of 

heat or alcohol on protein solutions. 

d. Proteoses. Soluble hydrolysis products of proteins. Not coagu- 

lated by heat. Precipitated by saturating the solution with 
ammonium sulfate. 

e. Peptones. Hydrolysis products. Soluble. Not coagulated by heat. 

Not precipitated by ammonium sulfate. 

f. Peptides. Definite compounds of known structure consisting of 

two or more amino acids united through the amino and the car- 
boxyl groups. 
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QUALITATIVE REACTIONS 

A few qualitative tests are useful in determining whether 
or not a compound under investigation should be classed as a 
protein. The following reactions are not exclusively charac- 
teristic of proteins. They are tests to which most proteins 
respond, but for each test substances other than proteins give 
the same result. If, however, the substance analyzed gives 
positive response to several of these tests, it may be classified 
as a protein. 

1. Nitric acid. If an aqueous solution of a protein is carefully 
floated on the surface of concentrated nitric acid, a white pre- 
cipitate forms at the junction of the two layers. 

2. Heavy metals. Most proteins form insoluble salts of lead, 
copper, and mercury. The precipitate forms in acid, alkaline, 
or neutral solution. 

3. Alkaloid precipitants. Phosphotungstic acid, tannic acid, 
picric acid, phosphomolybdic acid, potassium bismuth iodide, 
potassium mercuric iodide, and other reagents that precipitate 
the alkaloids form insoluble compounds with proteins also. 

4. Biuret reaction. When dilute copper sulfate solution is 
added to an alkaline solution of a protein, a reddish violet 
color is produced. The appearance of the color merely indicates 
the presence of one of the following groups : 

— NH • CO • NH • CO—, — NH • CO • CHR • CO • NH— , 
— NH • CO • CO • NH— , — NH • CR 2 • CO • NH— . 

5. Glyoxylic add. A mixture of a protein solution with 
glyoxylic acid (or glacial acetic acid, which always contains a 
little glyoxylic acid) is floated on the surface of concentrated 
sulfuric acid. A reddish violet ring appears at the junction 
of the liquid layers. The color is due to the presence of tryp- 
tophane. 

6. Xanthoproteic test. Concentrated nitric acid applied to a 
protein in the solid state imparts a yellow color, which changes 
to orange in the presence of ammonia. The color is due to the 
presence of a benzene ring, as found in phenylalanine and 
tyrosine. 

7. Millon’s reaction. Millon’s reagent consists of a freshly 
prepared solution of mercury in nitric acid. It contains mer- 
curous and mercuric nitrates and nitrous and nitric acids. 
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When added to a protein solution, it produces a white pre- 
cipitate which turns red when heated. The color change is 
apparently due to the hydroxyphenyl group present in tyrosine. 
Phenols give the same result. 

PROTEIN SALTS 

The proteins are amphoteric. Many of them form definite 
series of salts with acids and with bases. Casein, a typical 
phosphoprotein, obtained from milk by precipitation with di- 
lute acetic acid, is a white, amorphous powder. It is insoluble 
in water but soluble in 50 per cent alcohol. A suspension of 
casein in water turns litmus red where the suspended particles 
touch the litmus paper, and it liberates carbon dioxide from 
carbonates. 

The alkali salts of casein are soluble in water and may be 
precipitated unchanged by the addition of alcohol. Van Slyke 
and Bosworth prepared an insoluble salt of casein with cal- 
cium hydroxide which contained 11.25 X 10 _s of an equivalent 
of the base per gram of the protein, and another salt containing 
22.5 X 10~ 5 of an equivalent of base per gram of casein. Using 
sodium or potassium hydroxide, they found that 11.4 X 10 -5 
of a mole of the base per gram of casein just suffices to convert 
the protein into a water-soluble salt. The maximum quantity 
of potassium hydroxide that one gram of casein will neutralize 
is 182 x 10 -5 of a mole. This is almost exactly sixteen times 
the amount required to dissolve the protein. One gram of 
casein has the capacity to neutralize 90 x 10 ~ 5 of a mole of 
hydrochloric acid. One gram of egg albumin will combine with 
80 X 10 -5 of an equivalent of an acid or with 80 X 10 -5 of an 
equivalent of a base. 

According to Schmidt and Greenberg a protein contains a 
sufficient number of free carboxyl groups and hydroxyl groups 
to account for the maximum quantity of base that it will neu- 
tralize and a sufficient number of free amino groups and imino 
groups to account for its neutralization of acids. Among the 
amino acids found in proteins there are three basic compounds. 
They are arginine, histidine, and lysine. Each of these could 
supply an amino group for the — CO — NH — linkage and still 
have an imino group (NH) or an amino group (NH 2 ) available 
for the neutralization of an acid. Similarly, aspartic, glutamic. 
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or oxyglutamic acid may yield one carboxyl group in an amide 
linkage and retain a free carboxyl group. The latter is engaged 
in salt formation when the protein is treated with a base. The 
hydroxyl group in tyrosine may also react with a base. 

Protein salts are conductors of electricity. The salts formed 
with bases yield positive metallic ions and negative protein 
ions. Salts formed by treating proteins with acids yield posi- 
tive protein ions and the anion of the acid used. At a certain 
definite hydrogen ion concentration an amphoteric substance 
has neither acidic nor basic properties. The hydrogen ion 
concentration required to establish this condition is different 
for different ampholytes. It is called the isoelectric point. At 
the isoelectric point any addition of hydrogen ions causes the 
protein to act like a base ; that is, it neutralizes the acid. The 
addition of hydroxide ions makes the protein act like an acid 
— it neutralizes the base. 

It is possible in many cases to follow the migration of a 
protein ion in an electric field by observing the moving bound- 
ary between colored and colorless regions or between clear and 
opalescent regions in the electrolytic cell. The colored solution 
of haemoglobin can be seen to migrate toward the anode in an 
alkaline solution and toward the cathode in an acid solution. 
The isoelectric point is (H + ) = 2 x 10~ 7 . At a hydrogen ion 
concentration of 2.1 x 10 ~ 5 of a mole per liter serum albumin 
migrates toward the cathode. At hydrogen ion concentrations 
smaller than 1.9 x 10 -5 it migrates toward the anode. When 
(H+) = 2 x 10-5 of a mole per liter, this protein is in an 
isoelectrie condition. The hydrogen ion concentration at which 
a protein changes the direction of its movement in an electric 
field is its isoelectric point. The direction of migration of casein 
changes in the zone between 1.3 x 10 -5 and 4.9 x 10 -5 of a 
mole of hydrogen ions per liter. In pure water (H + ) = 1 x 10 ~ 7 . 

VITAMINS 

The nutritional requirements of man are completely satisfied 
by a properly balanced diet composed of proteins, fats, car- 
bohydrates, salts, and water. There are other substances, 
however, that are essential components of the diet, not because 
of their nutritive value, but because they prevent the develop- 
ment of certain diseases. Such substances are called vitamins. 
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The constant and almost exclusive use of a single article of diet 
generally gives rise to nutritional disturbances. 

Normal growth and the maintenance of good health depend, 
to a certain extent, upon the presence in the diet of a substance 
known as vitamin A. It is found in butter and eggs and in 
the animal fats. It is present in some fats of vegetable origin, 
but not in all of them. 

The cause of beriberi, a disease that has taken a heavy toll 
of life in Japan, China, and India, has been traced to the use 
of polished rice. The disorder is prevented if whole rice is sub- 
stituted for the milled product. Well-developed cases of the 
disease have been cured by the addition of rice bran to the 
food of the patients. It is evident that the pericarp, or outer 
layer, of the rice kernel contains some chemical substance which 
prevents and cures the peripheral neuritis known as beriberi. 
The chemical nature of this substance has not been determined. 
It is present in extremely small quantities in the grain, and at- 
tempts to isolate it in a pure state and to determine its chemical 
constitution have failed. It is simply designated "vitamin B.” * 

Scurvy is a disease that is due to the lack of vitamin C, a 
substance present in small but sufficient quantities in most 
green vegetables and especially abundant in lemons, oranges, 
and tomatoes. 

Vitamin D is known as the antirachitic vitamin. In its 
absence calcium metabolism is imperfect and the bones are 
not properly nourished. In children lack of this substance 
causes rickets.f 

* Vitamin B has been obtained from many sources, including milk, yeast, beans, 
and peas. The active substance has been concentrated and obtained in solid form. 
Based upon the composition of such preparations, some investigators have proposed 
definite chemical formulas for the compound. The evidence in support of any 
formula proposed, up to the present time, is inconclusive. Vitamin B is probably 
a derivative of pyrimidine. 

t For a full discussion of the vitamins and a complete bibliography, see Sherman 
and Smith's "The Vitamins.” 

For an excellent review of the chemistry of the amino acids see Vickery and 
Schmidt, "The History of the Discovery of the Amino Acids,” Chem. Rev., 9 (Octo- 
ber, 1931). 
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The term alkaloid has been applied to any basic substance 
of vegetable origin which contains nitrogen in a heterocyclic 
ring. This definition of the term is too broad. It brings into 
the alkaloid group many compounds that, from a chemical 
point of view, are in no way related to each other. But at- 
tempts to classify the alkaloids on the basis of structure have 
been unsuccessful, and, with some reservations, this vague defi- 
nition is still used. It is doubtful whether the purine bodies, 
caffeine, theobromine, and related substances, should be called 
alkaloids, yet they are plant products sufficiently basic to form 
salts with strong acids, and they have nitrogen-carbon ring 
structures. 

Most of the typical alkaloids are derivatives of pyridine or 
quinoline, but to define them as such derivatives would ex- 
clude morphine, the most important member of the group, the 
first one isolated, and the one to which the name was first 
applied. 

More than two hundred vegetable bases have been isolated, 
analyzed, and described. The structures of many of them have 
been determined, and some of them have been produced syn- 
thetically. An acquaintance with pyridine, pyrrole, quinoline, 
isoquinoline, and some of their derivatives is a prerequisite to 
the study of the alkaloids. 

Pyridine , C5H5N, is a colorless liquid, possessing a persistent 
and disagreeable odor. It dissolves in all proportions in water, 
alcohol, and ether. It is obtained from bones by dry distilla- 
tion, from coal tar, and from crude petroleum. It is obtained 
from nicotine and from quinine when these alkaloids are heated 
with zinc dust. It is reduced to piperidine by treatment with 
sodium amalgam and water. At a high temperature it reacts 
with hydrogen iodide, yielding normal pentane and ammonium 
iodide. 

Pyridine is a very stable compound. Oxidizing agents such 
as chromic acid, potassium permanganate, and concentrated 
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nitric acid do not attack it. At 300° concentrated sulfuric 
acid acts upon it slowly, forming a /3-monosulfonic acid. 

The structure of pyridine corresponds to benzene in which 
one CH group has been replaced by nitrogen. It exhibits 
the same state of unsaturation as does benzene. The reduc- 
tion product, piperidine, referred to above, is a saturated 
cyclic compound. 


CH 

/ \ 

HC CH 

II I 

HC CH 

\ /• 

N 

Pyridine 
(b.p. 115.5°) 


ch 2 

/ \ 

h 2 c ch 2 

I I 

h 2 c ch 2 

\ / 

NH 

Piperidine 
(b.p. 106°) 


Pyridine may be prepared by the following methods : 
1. Ethylallylamine is oxidized by lead dioxide at 450°. 


CH 2 — CH 3 

/ 

NH + 3Pb0 2 

\ 

ch 2 — ch=ch 2 


CH=CH 

/ \ 

N CH + 3H 2 0 + 3PbO. 

% /• 

CH— CH 


2. Pentamethylenediamine, when heated, yields ammonia and 
piperidine. The latter is oxidized to pyridine by heating it 
with nitrobenzene. 


CH 2 — CH 2 NH 2 


/ — NH 3 / 

CH 2 -4- CH ; 

\ 

ch 2 — CH 2 NH 2 

Pentamethylenedianrine 


ch 2 — ch 2 

' \ [Os] 

nh^-4 

/ 

ch 2 — ch 2 

Piperidine 


CH=CH 

/ \ 

CH N. 

CH— CH 

Pyridine 


Pyrrole, C 4 H 5 N, is a component of bone oil. It is separated 
from pyridine by treatment with sulfuric acid. Pyrrole is not 
sufficiently basic to form a salt with the acid. On the other 
hand, it is sufficiently acidic to form a potassium salt when 
warmed with the free metal. The salt is hydrolyzed extensively 
when dissolved in water. Zinc and acetic acid reduce pyrrole 
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to pyrroline. Sodium and alcohol convert the latter into a 
basic substance called pyrrolidine. 


CH CH 


CH CH 



NH 


Pyrrole 
(b.p. 131°) 


CH 2 CH 


CH 2 CH 



NH 


Pyrroline 
(b.p. 91°) 


CH 2 CH 2 

ch 2 ' CH 2 



Pyrrolidine 
(b.p. 88.5°) 


Quinoline (b.p. 237.7°) is a colorless, hygroscopic liquid. 
Like pyridine and other tertiary amines it forms quaternary 
salts by addition of alkyl halides or halogen acids. It bears the 
same relation to naphthalene that pyridine does to benzene. 
Skraup synthesized quinoline by heating a mixture of aniline, 
glycerine, sulfuric acid, and nitrobenzene. The glycerine is 
dehydrated by sulfuric acid, and acrolein, CH 2 =CH — CHO, is 
formed. Aniline and acrolein yield a condensation product 
which is oxidized to quinoline by nitrobenzene.* 

The formation of quinoline is probably accomplished by the 
following series of reactions: Acrolein has conjugate double 
bonds, t and aniline acts upon it, forming a 1, 4 addition 
product, CeHs — NH — CH 2 — CH=CHOH. This unstable in- 
termediate product immediately assumes the isomeric form, 
CgHs — NH — CH 2 — CH 2 — CHO. By an aldol type of conden- 
sation (hydrogen passing from the ortho position in the benzene 
ring to the carbonyl oxygen in the side chain) a heterocyclic 
ring is formed. This product is oxidized and dehydrated, with 
the formation of quinoline : 


H /H 

c c< 0H 


HC C CH 2 

hc & in 2 

YY 

H H 

Aldol condensation product 


H H 
C C 

HcfV^H 

HC C 

YY 

H 

Quinoline 


* For a list of possible products formed from nitrobenzene when it is heated with 
a reducing agent, see page 213. 

t See Thiele’s theory of partial valence, p. 371. 
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Isoquinoline is isomeric with quinoline and has very similar 
properties. Structurally it differs from quinoline only in the 
position of the nitrogen atom. It has been synthesized by 
heating the amide of phenylacetic-o-carboxylic acid and reduc- 
ing the resulting imide : 


0 -CH-CONH, 
-C0NH 2 


CH 2 — CO 


V- c °- 


NH 


+ NH 3 . 


This imide enolizes in the presence of phosphorus oxychloride 
and is converted into diehloroisoquinoline. Hydrogen iodide re- 
duces the latter to isoquinoline : 


0 — CH=CC1 
— CC1=N 


HI A-CH-CH 

IJ-chA 


Many other methods have been devised for synthesizing pyri- 
dine, quinoline, and isoquinoline. 

The presence of nitrogen in the ring makes the possible num- 
ber of isomeric substituted pyridines much greater than the 
number of corresponding benzene derivatives. There are three 
monosubstitution products and six disubstitution products of 
pyridine. The positions in the ring are indicated by the letters 
of the Greek alphabet or by numbers : 


H 

hc/ vN >c H 

H(k ;ch 

N 


or 


H 

C 


hc/Ach 

hc^Ah 

N 


For economy of space, the formulas of pyridine, quinoline, 
and isoquinoline may be written as follows : 



N N 

It must be remembered, however, that in each case the nitro- 
gen atom is in the ring and not externally attached to the ring. 
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Quaternary salts of pyridine are formed by direct addition 
of alkyl halides. When heated to 300°, these compounds 
undergo rearrangement corresponding to the shift of alkyl 
radicals from nitrogen to carbon in salts of aniline and of other 
aromatic amines : 



NCHsI 



and 



NHI 


Methylpyridinium ■y-Methylpyridine a-Methyl pyridine 

iodide hydroiodide hydroiodide 


Free a- and 7 -methylpyridine are obtained by distilling alkaline 
solutions of the corresponding hydroiodides. 

Three monocarboxylic acids of pyridine are known, and ac- 
cording to the structure theory only three are possible. They 
are produced when certain alkaloids are subjected to oxidation, 
or they may be synthesized by oxidizing the a-, ft-, and 7 -alkyl 
derivatives of pyridine. These acids are colorless crystalline 
compounds. They are represented by the following formulas : 

COOH 



Picolinic acid Nicotinic acid Isonicotinic acid 

(m.p. 137°) (m.p. 229°) (m.p. 315°) 

The structures of these acids have been proved by synthetic 
methods. For example, applying the principle of Skraup’s 
synthesis of quinoline, we may condense a-naphthylamine with 
acrolein in the presence of a mild oxidizing agent, such as 
nitrobenzene, and obtain a-naphthoquinoline. 



By oxidation it is possible to convert this product into a dicar- 
boxylic acid without loss of carbon. There is only one position 



THE ALKALOIDS 


317 


in the molecule where, by oxidation, two carboxyl groups could 
be formed without producing an acid with fewer carbon atoms. 
The position is indicated by the dotted line below : 



The carboxyl groups are replaced by hydrogen when the acid 
is distilled with lime, and the resulting a-phenylpyridine is con- 
verted by chromic acid into picolinic acid : 



Phenylpyridine dicarboxylic add a-Phenylpyridine Picolinic acid 


The constitution of nicotinic acid may be determined in a 
similar way. Acrolein combines with /3-naphthylamine as it 
does with aniline or a-naphthylamine. The condensation prod- 
uct is oxidized by nitrobenzene, forming a pyridine ring by at- 
tachment of the terminal carbon atom of the acrolein residue 
to a carbon atom ortho to the nitrogen of the aromatic amine. 
In Skraup’s synthesis of quinoline it makes no difference which 
of the two positions ortho to the amino group is involved in the 
formation of the pyridine ring. When acrolein is condensed 
with a-naphthylamine, as in th*e case referred to in the synthesis 
of picolinic acid, only one position ortho to the amino group is 
available. /3-Naphthylamine presents two possibilities: 
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The product actually formed can be converted into a dicar- 
boxylic acid without loss of carbon. There is no possibility of 
oxidizing formula I so as to produce a dicarboxylic acid, with- 
out at the same time reducing the number of carbon atoms in 
the molecule, and formula II presents only one such possibility, 
as indicated below : 



The carboxyl groups are removed by distillation with lime, 
and the remaining phenyl radical is replaced by carboxyl 
through the agency of chromic acid. The superior stability of 
the pyridine ring is shown in these reactions. It is the benzene 
residue that suffers oxidation, yielding in this case nicotinic 
acid rather than benzoic acid : 

HOOC 

Cr 2 Oy- 

u 

Nicotinic acid 


COOH 

COOH 



CaO 



/3-Phenylpyridine 


CONIINE 

Coniine, C 8 H 17 N, a colorless liquid (b.p. 166°, sp. gr. 0.845), 
is the principal alkaloid in hemlock. The poisonous character 
of an extract of hemlock was known before the dawn of the 
Christian era. The fatal dose is from 0.1 to 0.2 of a gram. 
There is no satisfactory antidote. 

The free base was isolated by Geiger in 1831, and synthesized 
by Ladenburg fifty years later. It was the first alkaloid to be 
made by artificial methods. The constitution of the compound 
was determined by Hofmann through an interpretation of the 
following changes. 
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When coniine is distilled over zinc dust, it gives rise to free 
hydrogen and a compound known as conyrine, having the 
empirical formula CsH u N. 

CsHpN ^ C s HuN + 3 H 2 . 

Coniine Conyrine 


Conyrine is readily oxidized to picolinie acid, which differs 
from conyrine by C2H6O2. The two oxygen atoms are intro- 
duced by the oxidizing agent in forming the carboxyl group, 
— conyrine itself contains no oxygen. The loss of carbon and 
hydrogen in the oxidation process amounts, therefore, to C2H6. 
Since picolinie acid has only one carboxyl group, it is evident 
that conyrine is a derivative of pyridine with one and only 
one side chain. The side chain must be in the a position, since 
in picolinie acid the carboxyl group occupies this position. 
The composition of the side chain must be C3H7. It is C2H6 
plus the carbon and hydrogen retained in the carboxyl group. 
The formula may be written 


C3H7 


N 


The question as to whether the side chain is normal propyl 
or isopropyl was settled by subjecting conyrine to the action 
of hydriodic acid at 300 ° C. It was reduced to normal octane 
and ammonia. Conyrine is, therefore, normal propylpyridine, 
and coniine, having six more hydrogen atoms, is the corre- 
sponding saturated compound, re-propylpiperidine : 


H 

C 

HC CH 

I I! 

HC C— CH 2 — CH 2 — CH; 

%/ 

N 

Conyrine 


h 2 

c 

/\ 

h 2 c ch 2 

I I 

H 2 C CH — CH 2 — CH 2 — CH 3 

\/ 

N 

H 

Coniine 


All syntheses of coniine lend support to the conclusion that 
it has this structure. The simplest and most direct synthesis 
is accomplished by condensing a-methylpyridine (picoline) with 
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acetaldehyde, in the presence of zinc chloride, and reducing 
the condensation product : 


N 

Picoline 
(b.p. 128 °) 


CH 3 + OCH • CH 3 ■ 

Acetaldehyde 


JCH.-CH -CH 3 


N 


Allylpyridine 
(b.p. 190°) 

h 2 


[8 H] H 5 Ah 2 

(Na + alcohol) • CH 2 • CH 2 • CH 3 


NH 


Coniine 
(b.p. 166.5°) 


The racemic mixture produced by this synthesis was re- 
solved by Ladenburg into the optically active forms, by frac- 
tional distillation of the coniine tartrates. The dextrorotatory 
modification and coniine derived from hemlock were found to 
be identical. 


NICOTINE 

Nicotine, C10H14N2, when pure, is a colorless, odorless liquid. 
It acquires a brown color and a tobacco odor on standing. It 
is fully as poisonous as hydrocyanic acid and about ten times 
as poisonous as coniine. It has an alkaline reaction, produces 
a burning sensation in the mouth, and causes profuse salivation. 
Acute nicotine poisoning gives rise to mental confusion, vomit- 
ing, and finally convulsions. 

Nicotine occurs in the leaves of the tobacco plant, principally 
in the form of salts of malic and citric acids. The tobacco 
plant is the chief source of this alkaloid. The plant is indige- 
nous to America and was unknown in Europe until 1650 . 
The component of tobacco that acts as a habit-forming drug 
has not been discovered. It is not nicotine. 

Nitric acid converts nicotine into nicotinic acid. The 
alkaloid is therefore a pyridine derivative, and the side chain, 
G5H10N, is in the /3 position. Nicotine is a ditertiary base, 
yielding, with methyl iodide, two different quaternary salts. 
Each nitrogen atom, therefore, is linked by three valences to 
carbon. The nitrogen of the pyridine ring is less basic than the 
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one in the C5H10N group; for when the monohydroiodide is 
treated with methyl iodide and then oxidized with potassium 
permanganate, trigonelline is formed — a compound known to 
have a methyl group on the pyridine nitrogen. In forming the 
monohydroiodide it is evident that the hydrogen iodide en- 
ters into combination with the nitrogen of the CsHioN group, 
leaving the nitrogen of the pyridine ring free. On further 
treatment with methyl iodide or hydrogen iodide the pyridine 
nitrogen also is called into play : 


C 5 H 10 N HI ( Nc«H 10 NHI CH 3 I r iC 5 HioNHI 


N 

Nicotine 


N 

Monohydroiodide 
of nicotine 


Mn04 
>_ 


N(I) 

CH 3 



j— CO 
N — 0 

ch 3 

Trigonelline 


The monohydroiodide when heated yields methylamine. The 
group C5H10N must, therefore, contain a methyl group attached 
to the nitrogen. On the basis of these and other considerations, 
the following structure is assigned to nicotine : 

CH CH 2 CH 3 

/ X \ I 

HC C CH CH 2 

HC CH N 

\/ I 

N CH 3 

Nicotine 

Pictet confirmed this constitution of the alkaloid by syn- 
thesizing /3-methylpyrrolidinepyridine and resolving it into its 
enantiomorphic forms. The Isevorotatory compound proved 
to be nicotine. 



322 


THE CARBON COMPOUNDS 


ATROPINE 


Atropine, C17H23NO3, a colorless, crystalline alkaloid, is 
obtained from the roots and leaves of the nightshade by ex- 
traction with alcohol. Distinct symptoms of poisoning follow 
the ingestion of quantities as small as 0.006 of a gram of 
atropine, and 0.05 of a gram constitutes a fatal dose. 

The symptoms are extreme thirst, inability to swallow, 
hoarseness, and headache. The pupils of the eyes are enlarged, 
and vision is indistinct. In the last stages violent types of 
delirium and convulsions are common. Respiration is arrested 
during the spasms, and in many cases death has resulted from 
asphyxia. Atropine is used in optic surgery. It acts as a local 
anaesthetic on the nerves controlling the muscles of the eye. 

Atropine is an ester. When hydrolyzed it yields tropic acid 
and tropine. In order to establish the constitutional formula 
of atropine it is necessary to determine the structures of these 
hydrolysis products. 

Tropic acid has the empirical formula C9H10O3. Atropic acid 
is C 9 H 8 O 2 . Both are converted into benzoic acid by oxidation. 


Each may, therefore, be represented by a benzene ring with one 


side chain. 


Q-c 3 h 6 o 3 

Tropic acid 


Q~C 3 Ha0 2 

Atropic acid 


They are monobasic acids, hence each has a carboxyl group in 
the side chain. Tropic acid has a hydroxyl group also, for it 
forms an acetyl derivative with acetic anhydride. There are 
four possible structures for a benzene ring with one side chain 
— the side chain having the composition C3H5O3 and poss essin g 
one carboxyl group and one alcoholic hydroxyl group. One of 
these structures must represent the tropic acid molecule : 


CH 2 • CHOH • COOH 


CHOH • CH 2 • COOH 


✓CH 2 OH 

CH 

\COOH 


/CH, 

COH 

^COOH 


III 


IV 
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When tropic acid is heated, it loses water and forms atropic 
acid. Atropic acid has no alcoholic hydroxyl group. It is 
unsaturated and forms an addition product with bromine. 
Formulas I and II would yield the same product if water were 
eliminated and a double bond established with removal of the 
alcoholic hydroxyl group. Its formula would necessarily be 


|Aj— i CH=CH— COOH 


but this is cinnamic acid, not atropic. Therefore tropic acid 
is not represented by I nor by II. Formulas III and IV would 
yield the same product if dehydrated, namely, 

A<° a 

I J COOH 

Atropic acid 

This product is, therefore, atropic acid, and tropic acid is either 

m° ri v. 

A compound having formula IV has been made .synthetically 
from acetophenone by the following reactions : 

CO— CH 3 HCN jA|C^OH 3 



0 


/CHs 

CfOH 

\COOH 


This product is not tropic acid ; it is known as atrolactic acid. 
Formula IV is thus excluded, and the only possible structure 
for tropic acid is 


0 


xCH 2 OH 
,CH 

\C00H 


Tropine, CsHisNO, crystallizes in colorless plates (m.p. 63°, 
b.p. 233°). It is a strong tertiary base, hygroscopic, and op- 
tically inactive. It forms esters with acids and with acid 
chlorides ; hence its oxygen atom is in a hydroxyl group. When 
distilled with barium oxide, it yields water, methylamine, and 
tropilidine (C 7 H 8 ). The latter is a seven-membered ring com- 
pound. The production of methylamine indicates that in 
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tropine there is a methyl group attached to the nitrogen atom ; 
and since it is a tertiary amine, the nitrogen must be attached 
to carbon by two other bonds also. When heated to 220° with 
sulfuric acid, tropine yields an unsaturated tertiary base, 
tropidine, containing no oxygen : 

CsHisNO v CsHisN + H 2 0. 

Tropine Tropidine 

Tropidine is reduced by hot hydriodic acid to normal heptane 
and methylamine, indicating its possession of a structure capa- 
ble of yielding an unbranched chain of seven carbon atoms 
when the nitrogen and its attached methyl group are removed. 

Methylpiperidine and methylpyrrolidine have been identi- 
fied among the products obtained from tropine by distillation 
with zinc dust. We have, therefore, in tropine a continuous 
chain of seven carbon atoms and a nitrogen atom attached to 
a methyl group and to two other carbon atoms. The nitrogen 
atom is a member of a piperidine ring and at the same time a 
member of a pyrrolidine ring. 

The skeleton of the tropine molecule must, therefore, appear 
as follows: 


i A A 

When tropine is oxidized with potassium permanganate or 
lead dioxide, a ketone, tropinone, is formed, differing from tro- 
pine by two hydrogen atoms. The hydroxyl group in tropine is 
therefore in a secondary alcohol group, CHOH, and this group 
is in the six-membered ring; for when the hydroxyl group is 
replaced by bromine and the compound is decomposed by heat, 
bromomethylpyridine is formed. Similar evidence is obtained 
by dehydrating tropine by means of hot sulfuric acid. The 
hydroxyl group is removed with hydrogen from an adjacent 
carbon atom. The unsaturated product formed (namely, tropi- 
dine, CsHisN) absorbs bromine, yielding tropidine dibromide, 
CsHi 3 NBr 2 , which decomposes at 180°, with the formation of 
dibromomethylpyridine. 

Conversion of a secondary alcohol into a ketone enhances 
the activity of hydrogen on carbon atoms adjacent to the 
oxidized group. Consideration of this fact led Willstatter to the 


-C C 

N— CH 3 C 
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conclusion that the carbonyl group in tropinone is between 
two methylene (CH 2 ) groups, for tropinone reacts with nitrous 
acid, yielding a di-isonitroso derivative, and with benzaldehyde, 
giving a dibenzal derivative. Tropine is the corresponding sec- 
ondary alcohol. The following structures account for the 
properties of these compounds : 


ch 2 — 

— CH 

-CH : 

1 


N— CH 3 

1 

CO 

1 

ch 2 — 

CH 

-CH: 


Tropinone 


ch 2 — 

— CH 

1 

-ch 2 


N — CH 3 

1 

CHOH 

1 

ch 2 — 

-in 

-CH 2 


Tropine 


Tropine has a ring system including piperidine, pyrrolidine, 
and heptamethylene nuclei. The structure accounts for the 
formation of methylamine and heptane on reduction, the pro- 
duction of pyridine derivatives when oxidized with bromine, 
the formation of tropidine by elimination of water, and all 
other properties of the base. 

Atropine is the tropine ester of tropic acid, 


CH 2 - 


-CH- 


-CH 2 


ch 2 


N — CH 3 

-Ah— 




CH • 0 • CO 


CH 2 OH 

• Ah-<3 


Atropine 


Scopolamine (hyoscine), C17H21NO4, is another alkaloid be- 
longing to this group. It is represented by the following formula : 


0 < 


CH — 

— CH 

j 

-ch 2 

1 


N— CH 3 

CH— 0— CO 

1 

CH — 

— JlH 

-ch 2 


/CH2OH 
-CH 
^CeHs 


Scopolamine 


COCAINE 

Cocaine, C17H21NO4, is a white crystalline solid melting at 
98°. It is extracted from coca leaves. It has a bitter taste, an 
alkaline reaction, and is laevorotatory.. It has been usecl ex- 
tensively as a local anaesthetic, but it is being supplanted by 
the less harmful novocaine — a synthetic product not related 
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to the alkaloids. Cocaine is a poison, but it requires a large 
dose (nearly one gram) to cause death in man. Small doses 
cause restlessness and irritability, with quickened pulse. . It is 
used habitually in very small amounts by some individuals 
who claim that it acts as a tonic, overcoming fatigue and sen- 
sations of hunger. Many workmen in the Andes chew the 
coca leaves, believing that they derive therefrom unusual power 
of endurance. 

On hydrolysis cocaine yields ecgonine, benzoic acid, and 
methyl alcohol : 

Ci-H 21 N04 + 2 H 2 0 C 9 H,5N0 3 + C 6 H 5 COOH + CH 3 0H. 

Cocaine Ecgonine 

Ecgonine is a monobasic acid and a monohydric alcohol. 
When warmed with sulfuric acid it yields water and anhydro- 
ecgonine, CgHisNOa. The latter is an unsaturated acid. It 
retains the carboxyl group of ecgonine, but it has no alcoholic 
properties. At 280° anhydroecgonine decomposes, yielding 
tropidine and carbon dioxide. It will be recalled that tropidine 
is formed when a molecule of water is removed from tropine j 
its structure, therefore, is known : 


ch 2 — 

— CH 

I 

-ch 2 


NCHs 

(1h 

II 

ch 2 — 

CH 

Jh 


Tropidine 


It is obvious, from the reactions mentioned above, that 
anhydroecgonine is tropidine carboxylic acid, but the position 
of the carboxyl group must be determined. 

The hydroxyl group in ecgonine occupies the same position 
that it does in tropine, for the removal of the carboxyl group 
in ecgonine (and simultaneous oxidation of the CHOH group 
to carbonyl) by treatment with dilute chromic acid solution 
results in the formation of tropinone. 

Anhydroecgonine can be reduced to a saturated carboxylic 
acid. The carboxyl group may then be replaced by an amino 
group by converting the acid to an amide and warming the 
amide with bromine and potassium hydroxide (Hofmann 
rearrangement). When the amino group is replaced by a hy- 
droxyl group through the agency of nitrous acid, the product 
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obtained is an isomer of tropine and identical with one of the 
products obtained from tropidine by the addition of hydrogen 
bromide and subsequent hydrolysis of the bromine derivative. 
Hence in ecgonine the hydroxyl group and the carboxyl group 
are on adjacent carbon atoms : 


ch 2 — 

CH 

lIcH* 

] 

-CH— COOH 

CJHOH 

CHs — 

— CH 

— C1H 2 


Ecgonine 


Cocaine, therefore, corresponds to the following structure : 

yCO • O - CH 3 
CH 2 — CH— C— H 

NCHs V.O • CO • C 6 H 6 

CH 2 — CH— CH 2 

Cocaine 


The effects produced upon the sensory nerves by this alkaloid 
have been traced to the reciprocal relations of the tropine, 
benzoyl, and methoxy groups. Methylecgonine and benzoyl- 
tropine do not resemble cocaine in physiological properties. 


CO • 0 • CH S 


CH 2 — CH— C— H 
I \ 
nch 3 CHOH 

<jH 2 — CH— C^L 

Methylecgonine 


CH 2 — CH— CH 2 

I \ 

NCH 3 CH-0-C0-C 6 H 5 . 
CH 2 — CH — C^ 2 

Benzoyl tropine 


With both ester groups in the same molecule the anaesthetic 
property appears. Other aliphatic radicals may be substituted 
for the methyl group without destroying the physiological ac- 
tivity of the substance ,* but substitution of other radicals for 
the benzoic acid residue lessens or destroys its activity. This 
fact has led to the investigation of many benzoic acid deriva- 
tives, and some of them have proved to be capable of producing 
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local anaesthesia. The most successful substitute for cocaine, 
namely, novocaine, belongs to this group :* 

H 2 N— <( — CO • 0 • CH 2 • CH 2 • N(C 2 H s ) 2 • HC1. 

Novocaine 

The free novocaine base is insoluble in water. 

STRYCHNINE 

Stry chnin e, C 2 iH 22 N 2 0 2 , occurs with brucine, C 2 3 H 26 N 2 04 , in 
the nuts or seeds, leaves, and bark of the plants of the genus 
Strychnos. Nux vomica, the seed of Strychnos nux vomica, con- 
tains more than one per cent of strychnine and as much brucine. 
Curare, a resin extracted from many species of trees, contains 
strychnine, brucine, curarine, and other poisonous bases. 

Strychnine crystallizes in prisms (m.p. 268°) which are solu- 
ble in alcohol and practically insoluble in water, f It is Isevo- 
rotatory, and has an alkaline reaction and a bitter taste. 

The structure of the strychnine molecule has not been deter- 
mined. Quinoline and indol have been isolated from the 
decomposition products obtained by fusing the alkaloid with 
caustic potash, and pyridine has been obtained from it by dis- 
tillation with lime. It possesses a carbonyl group, an alcoholic 
hydroxyl group, a reduced benzene ring, a quinoline residue, and 
an indol group; and from these considerations Perkin and 
Robinson have proposed the formula given below. This struc- 
ture accounts for the reactions of strychnine, but until it is con- 
firmed by actual synthesis it must be regarded as tentative only : 

CH CH 2 CH 

/\/ \y \ 

HC C CH CH 

I II I I 

HC C C CH CH 2 

\/\/ \/\/\ 

C N C CH CH 2 

H | | | | 

CO N CH CH 2 

\/ \/ 

ch 2 choh 


* For a discussion of compounds related to novocaine see Meyer and Gottlieb's 
Pharmacology. 1 * 

t Strychnine salts are soluble in water. The sulfate is generally used. 
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Instead of obtaining normally coordinated movements, in 
response to definite stimuli, every stimulus affecting the sen- 
sory organs of a victim of strychnine poisoning causes simul- 
taneous contractions of all the skeletal muscles. These tetanic 
convulsions may last for a few seconds or for several minutes. 
After several convulsions paralysis develops and death results 
from exhaustion of the nervous system. The lethal dose is 
about 0.1 of a gram. 

MORPHINE 

The dried sap of some species of poppies constitutes a waxlike 
substance known as opium. It is a mixture of gums, resins, 
carbohydrates, fats, proteins, salts, and alkaloids. The chief 
representative of the group of vegetable bases in opium is 
morphine, C17H19NO3. 

Morphine is a colorless, crystalline base which melts and de- 
composes at 247°. It is only slightly soluble in water, benzene, 
chloroform, and ether, but it dissolves readily in alcohol. Its 
solutions are alkaline, bitter, and lsevorotatory. 

The constitution of morphine has not been fully established. 
It is a tertiary base with a methyl group attached to the nitro- 
gen. It is a phenanthrene derivative, a phenol, and an ether. 

Codeine is a methyl ether of morphine. The quantity of 
codeine in opium is usually less than 0.5 per cent, whereas 
morphine constitutes from 6 to 10 per cent of the substance. 
Twenty different alkaloids have been identified as components 
of opium, but with the exception of moi*phine, narcotine, pa- 
paverine, thebaine, and codeine they are present in mere traces. 

Morphine produces a variety of effects in various species 
of animals. In human beings it acts as a sedative, small 
doses causing sleep and toxic doses producing profound un- 
consciousness. Its most important therapeutic use is that of 
relieving pain, which is accomplished in most cases by adminis- 
tration of less than 0.01 of a gram. The ability to perceive 
pain is depressed by doses much too small to cause sleep. 

Although no other drug stands in the same class with mor- 
phine in respect to relieving pain, its use must be carefully cur- 
tailed, for, like other opium alkaloids, it develops in the patient 
a desire to have the treatment repeated even when he is free 
from pain. It is the most powerful habit-forming drug known.* 

* For a vivid description of the physiological effects of morphine read De Quincey’s 
" Confessions of an English Opium-Eater.” 
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Acute morphine poisoning is caused by doses ranging from 
0.03 to 0.06 of a gram. The average lethal dose for an adult 
unaccustomed to its use is about 0.35 of a gram. The system 
acquires tolerance for morphine, and habitual users take large 
doses with impunity. The effects described above are produced 
by much smaller quantities of the alkaloid if administered by 
hypodermic injection. 

CINCHONINE AND QUININE 

According to a South American tradition dating back to 1638, 
the Countess of Chinchon recovered from a fever after drinking 
an extract from the bark of a tree. The generic name Cinchona 
was later applied to the trees yielding similar products, and the 
first alkaloid isolated from the bark was called cinchonine. 

Cinchonine, C19H22N2O, crystallizes in prisms melting at 
255°. It is a strong ditertiary base, dextrorotatory, almost 
insoluble in water, soluble in alcohol, and much like quinine 
in its chemical and physiological reactions. Quinine is a 
methoxy derivative of cinchonine. The two alkaloids occur 
together, and they are usually associated with traces of at least 
twenty other related bases. 

Quinine is the most important member of the group. It is a 
drug of great therapeutic value. It is not a poison in the ordi- 
nary sense of the term ; still it is far from harmless if taken in 
large doses. It retards all vital processes, inhibiting every type 
of metabolic change. Quinine is used quite generally to combat 
fevers. Its efficacy, however, depends to some extent upon the 
nature and origin of the disorder. Its germicidal action on the 
malarial organism is specific, and it probably plays a similar 
r61e in the treatment of typhoid fever. 

Quinine and cinchonine are converted into toxic isomers 
through the agency of acetic acid or citric acid. The change 
consists of the migration of a hydrogen atom from carbon to 
nitrogen, converting an enol into a keto structure. 

Biddle * discovered that the rate of change of quinine into 
quinotoxine, or cinchonine into cinchotoxine, is proportional 
to the concentration of undissociated acid present, the rear- 
rangement being inhibited by hydrogen ions. Sallmann t denies 

* Biddle, J. Am. Chem. Soc., 38, 90 (1916). 
t Sallmann, J. Am. Med. Assoc., 76, 999 (1921), 
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that there is any danger in the use of quinine with an organic 
acid, for he maintains (1) that the conversion proceeds so slowly 
that only traces of quinotoxine could be formed during the few 
hours the drug remains in the stomach, (2) that the conver- 
sion cannot occur in the alkaline medium of intestinal fluids, 
and (3) that quinotoxine is not as poisonous as it is commonly 
believed to be. 


CH 



CH 2 — CO— CH 2 — CH 



Quinotoxine 



CH 



Cinchonine 


CH 2 — CO— CH 2 — CH 



Hjd^H— CH=CH 2 

H 2 A Ah 2 

^H 


Cinchotoxine 
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PIPERINE 

A crystalline alkaloid known as piperine, C 17 H 19 NO 3 , is 
found in the berries of the pepper tree. It is almost insoluble 
in water, but dissolves in alcohol. It melts at 128° -129° and 
is optically inactive. It is a very weak base, neutral to litmus, 
and insoluble in dilute acids. It forms salts with concentrated 
hydrochloric, sulfuric, and nitric acids, but these addition 
products are rapidly and completely hydrolyzed when dissolved 
in water, the free base being precipitated. 

Piperine is hydrolyzed by an alcoholic solution of potassium 
hydroxide, the products being piperidine and piperic acid : 

C 17 H 19 N0 3 + H 2 0 — *■ C5H11N + C 12 H 10 O 4 . 

Piperine Piperidine Piperic acid 

The constitution of piperidine is known. It is formed from 
cadaverine (pentamethylenediamine) by loss of ammonia, and 
is easily oxidized to pyridine. Its structural formula is 


CH 2 



h 2 c ch 2 

V 7 

H 

Piperic acid, Ci 2 Hi 0 O 4 (m.p. 217°), is an unsaturated mono- 
basic acid. It is only slightly soluble in water, but dissolves 
readily in carbon disulfide, and can be titrated with a standard 
solution of bromine in carbon disulfide. It absorbs four bromine 
atoms per mole of acid. The unsaturation, therefore, corresponds 
to the presence of two double bonds. Potassium permanganate 
oxidizes piperic acid to an aldehyde, piperonal, and finally to 
the corresponding acid, piperonylic acid : 

C12H10O4 — > CsHfjOs — >- C 8 H 6 0 4 . 

Piperic acid Piperonal Piperonylic acid 

Piperonylic acid (m.p. 228°) is decomposed by hydrogen 
iodide at 180°, or by water vapor at 225°, with the formation 
of 3, 4-dihydroxybenzoic acid and carbon : 



C 8 H 6 0 4 


HO, 

HO' 


COOH 
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It is regenerated from 3 , 4 -dihydroxybenzoie acid (protocate- 
chuic acid) by treatment with methylene iodide and an alkali. 
Piperonylic acid is, therefore, the methylene ether of protocate- 
ehuie acid: 


2KOH + CH2I2 + 



+ 2 KI + 2H2O. 


Piperonylic acid 


Piperic acid differs from piperonylic by C4H4, and since the 
latter has only one carboxyl group attached to the ring, and 
is derived from piperic acid by oxidation, the C4H4 and the car- 
boxyl group belong to the same side chain. Moreover, the 
side chain must be unsaturated to account for the absorption 
of four bromine atoms. The following structure meets these 
demands : 


oh <3 


CH : CH • CH : CH • COOH 


Piperic acid 


This structure has been confirmed by a synthesis of the acid. 
Piperonal and acetaldehyde, when dissolved in very dilute al- 
kali and warmed, yield piperonylaerolein : 


CH 2 / 



CHO + CH 3 • CHO 


CH/" 


'CH : CH • CHO 


+ H2O. 


This aldehyde condenses with acetic anhydride and sodium 
acetate, yielding piperic acid : 



CH : CH • CHO + (CH 3 C 0) 2 0 + CHsCOONa 



CH : CH • CH : CH • COOH 
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Pipeline is a condensation product of piperie acid and piperi- 
dine. On hydrolysis it yields these compounds. Hence its 
formula is 

CH 2 



ESSENTIAL OILS 


Volatile oils, characterized by agreeable odors or flavors, may 
be extracted from the leaves and bark of many trees and from 
flowers. Such extracts have been used as flavors and per- 
fumes since the dawn of history. They are known as essences 
or essential oils. 

Incense has been used in certain forms of religious worship 
for many centuries, fragrant roots, stems, or leaves being burned 
to release the volatile and aromatic constituents. In the ear- 
liest writings of the Chinese, the Greeks, and the Egyptians, 
reference is made to the use of herbs for the preparation of 
perfumes. Fragrant ointments (balms) were employed by the 
early Egyptians for the treatment of wounds and for preserving 
dead bodies (embalming). 

Many of the volatile extracts from plants consist chiefly of 
hydrocarbons having the formulas Calls, CioHi 6 , and C15H24, 
called hemiterpenes, terpenes, and sesquiterpenes, respectively, 
or of compounds derived from these hydrocarbons by oxida- 
tion. Even in essential oils that are composed primarily of 
hydrocarbons the characteristic odors and flavors are due to 
the presence of oxygen compounds, including phenols, alcohols, 
esters, aldehydes, and ketones. In comparatively few cases 
do we find the origin of these properties in hydrocarbons. 
Many of the flavors and perfumes on the market today are 
synthetic products. In most instances the artificial prepara- 
tion contains the identical chemical compound that imparts 
the desired scent or taste to the natural extract. In other 
cases these properties are merely imitated by substitution of 
other types of compounds having flavors or odors similar to 
those of the natural products. It must be remembered, how- 
ever, that the extract from a leaf or a flower contains a large 
number of aromatic bodies, whereas the corresponding syn- 
thetic product contains, as a rule, only the one chemical sub- 
stance that has been found to yield what we recognize as the 
characteristic odor or taste of the natural extract. On that 
account the two preparations are not identical. 
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TERPENES 

A dozen or more liquid hydrocarbons and at least two crys- 
talline compounds corresponding to the formula C 10 H 16 con- 
stitute the group known as terpenes. Most of them occur 
in nature, but a few members of the group are synthetic prod- 
ucts of the laboratory only. They fall into three general 
classes: (1) open-chain or olefinic terpenes, (2) monocyclic 
terpenes, and (3) bicyclic terpenes. The first group consists 
of unsaturated open-chain polymers of isoprene that are more 
or less readily converted into cyclic derivatives. Members of 
the second group contain one closed ring, and either in the ring, 
or in side chains, or distributed between the two, they have 
two double bonds. The bicyclic or bridged-ring terpenes have 
only one double bond. The second and third classes may be 
regarded as derivatives of methylisopropylbenzene (cymene) or 
of menthane, which is hexahydrocymene. 

Olefinic Terpenes and their Derivatives 

Citronellal. As a representative of the group we may con- 
sider first citronellal, CioHigO. It occurs in eucalyptus oil and 
in the oils of citrus fruits. It is a colorless liquid, boiling at 
208°. Citronellal is an aldehyde, for it reacts with hydroxyl- 
amine and other reagents that attack the carbonyl group ; and 
it yields an acid with ten carbon atoms if treated with a mild 
oxidizing agent. It is readily reduced to an alcohol. Vigor- 
ous oxidation converts it into acetone, /3-methyladipic acid, 
and other products. Studies of the reactions of citronellal have 
led to the conclusion that it is not a pure chemical compound 
but a mixture of two aldehydes corresponding to the following 
structures :* 



CH 3 


* For a full discussion of the structure of citronellal see J. L. Simonsen’s '* The 
Terpenes.” Cambridge University Press, 1931. 
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Citral. Closely related to eitronellal is another aldehyde, 
citral or geranial, C 10 H 16 O, representing a higher state of un- 
saturation. It has the formula 

CH 3 

CH 3x I 

>C : CH • CH 2 • CH 2 • C : CH - CHO. 

CH 3 / 

Citral 

Citral occurs in the oil expressed from lemon and orange peel. 
It is a mobile, colorless liquid (b.p. 228°), having a strong lemon 
odor. Lemon oil contains less than 10 per cent of citral, but 
lemon-grass oil is rich in this substance (60 to 80 per cent), and 
is the chief commercial source of the compound. It is dehy- 
drated slowly by shaking it with dilute sulfuric acid and 
potassium bisulfate. The product formed is the cyclic hydro- 
carbon, eymene : 


ch 3 

1 

CH 3 

1 

c 

A 

/ \ 

/ \ T 

H 2 C CH 

HC CH 

| | 

H 2 C CHO — 

|| | 

— > HC CH 

\ 

\y 

CH 

c 

II 

1 

c 

CH 

/ \ 

/ \ 

CHs CH 3 

CH 3 CH 

Citral 

Cymene 


+ H 2 0. 


Geraniol and linalool. Geraniol, occurring in geranium oil, 
and linalool, found in oil of lavender, bergamot, and elsewhere, 
are related to citral, as indicated by the formulas, 


C : CH • CH 2 • CH 2 • C : CH • CH 2 OH, 


Geraniol (b.p. 229°) 


C : CH • CH 2 • CH 2 • COH • CH : CH 2 . 
CH 3 

LinaloSl (b.p. 198°) 
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Geraniol may be converted into citral by oxidation with 
chromic acid or into linalool by the action of steam at 200°. 
Geraniol and linalool, when shaken with 5 per cent sulfuric acid, 
are converted into terpin by addition of water : 


ch 3 

ch 3 

1 

c 

C— OH 

/Y 

Y\ 

H 2 C CH 

h 2 c ch 2 

1 1 

| | 

h 2 c ch 2 oh — 

— h 2 c ch 2 


\ \/ 

CH CH 


C C— OH 

ch 3 / ^ n ch 3 ch 3 /N "ch 3 

Geraniol Terpin 

Ionone and irone. Geranial (citral) forms a condensation 
product with acetone, water being eliminated in the reaction. . 
The substance formed is pseudo-ionone : 

CH 3 ch 3 

Y 

S 

HC CH • CH : CH • CO • CH S 

I II 

h 2 c c • ch 3 

Y 

h 2 

Pseudo-ionone 


Warm, dilute sulfuric acid converts pseudo-ionone into ionone, 
CH 3 CH 3 

Y 

H^^CH • CH : CH • CO • CH S 

I I 

H 2 C c • ch 3 

Y 


H 


Ionone 
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Ionone has the odor of violets and is manufactured for use in 
perfumes. It differs from irone, the natural violet product, 
only in the position of the double bond in the ring : 

CH 3 CH s 

\/ 

C 

/\ 


HC 

ll 

CH • 

• CH : CH • CO • CHs 

II 

HC 

CH- 

■CHs 


\/ 

c 


-tl2 Irone 

Both are colorless liquids, very slightly soluble in water but 
soluble in alcohol and in ether. 


Monocyclic Terpenes 

The monocyclic terpenes mhy be regarded as derivatives 
of the saturated hydrocarbon menthane, or hexahydrocymene. 
As a basis for a systematic nomenclature the carbon atoms of 
menthane are numbered as follows : 

CHs 


CH 

/ 1 \ 

H 2 C 6 2 CH 2 


H 2 C'5 3 CHa 

\ 4 / 

GH 

r 

CH 
/ 8 \ 

HsC CHs 

9 10 

A derivative of this compound with one double bond is a men- 
thene, with two double bonds a menthadiene, etc. The posi- 
tion of a double bond is indicated by the symbol A with an 
index number referring to the first carbon atom involved in 
the double linkage. If, in order to avoid ambiguity, both of the 
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doubly linked carbon atoms must be specified, the number cor- 
responding to the second carbon is written within parentheses. 
Thus the name A 2 > 4 (8) > 5 menthatriene indicates that the com- 
pound is amenthane derivative with double bonds between car- 
bon atoms 2 and 3, 4 and 8, 5 and 6. Carbon atom 8 must be 
specified, since number 4 may be doubly bound to either 5 or 8. 

The most abundant of all essential oils is turpentine, ob- 
tained from the sap of pine trees. It is a mixture of several 
terpenes and resins. Ordinary rosin is a solid residue obtained by 
distilling turpentine. Turpentine boils between 155° and 160° 
and has a specific gravity of about 0.86. Since it is not a pure 
compound, these properties vary with the source of the oil. It 
is insoluble in water, but dissolves in alcohol, benzene, or ether. 
It is a good solvent for phosphorus, sulfur, iodine, rubber, and 
the resins used in the manufacture of paints and varnishes. The 
chief constituent of turpentine is pinene, a bicyclic compound to 
be described later. Dipentene, a mixture of d- and Z-limonene, 
and some other monocyclic terpenes also are present. On ex- 
posure to air turpentine is slowly oxidized and resinified. 

Terpin, C 10 H 20 O 2 , an oxidation product of turpentine, is pre- 
pared by dissolving turpentine in alcohol and allowing the solu- 
tion to stand in contact with cold dilute nitric acid for about a 
week. Water is taken up by the turpentine, and crystals of 
terpin hydrate (m.p. 117°) are formed. Anhydrous terpin melts 
at 104.7° and boils at 258°. Its synthesis from geraniol has been 
mentioned. 

Cineol and terpineol are obtained from terpin by shaking the 
latter with hot dilute sulfuric acid : 
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Cineol is a liquid (b.p. 177°) with a camphor-like odor ; ter- 
pineol is a solid (m.p. 35°, b.p. 219.8°) which crystallizes readily 
when the mixture is cooled. The reaction indicated above is 
reversible. Terpin is dehydrated by hot dilute sulfuric acid 
and regenerated slowly from cineol and terpineol in the same 
solution at low temperatures. 

The question as to which of the hydroxyl groups in terpin 
is removed in the formation of terpineol was settled when it 
was found that the terpineol formed is a racemic mixture of 
optically active forms. Carbon atom 4 is asymmetric in the 
formula given, but asymmetry could not be produced by re- 
moving the hydroxyl group from carbon atom number 8 with 
hydrogen from any adjacent carbon atom. 

The constitution of terpineol has been established also by direct synthe- 
sis. For example, /3-iodopropionic ester reacts with sodium and malonic 
ester as follows : 

COOR 

I 

2 ROOC— CH 2 — CH 2 I + CH 2 + 2 Na 
COOR 

ROOC— CH 2 — CH 2 COOR 

— >• / C \ + 2 NaL 

ROOC— CH 2 — CHa COOR 

This ester is hydrolyzed by boiling with dilute hydrochloric acid, and when 
warmed, the free acid loses carbon dioxide : 


COOH • CH 2 * CH S 
COOH • CH 2 * CHs 



COOH -CH 2 -CH* 
COOH • CH 2 * CH* 


>ch-cooh + co 2 . 


When distilled this product yields water and one more molecule of carbon 
dioxide and is converted into a closed-ring compound, — keto-hexahydro- 
benzoic acid : 

/CH 2 — CH2v 

CO< >CH • COOH. 

^ch 2 — ch/ 


Methyl magnesium iodide reacts with an ester of this acid, the ketone 
group of the ring being first attacked. The addition product, 


CH 3v /CH 2 — CH 2 \ 

^CH • COOR, 


IMgO 


''CHs— CH,- 
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is hydrolyzed, and the resulting methyl-hydroxy-hexahydrobenzoic ester 
is subjected to the action of fuming hydrobromic acid. The hydroxyl 
group is thus replaced by bromine, the product being 


CH^ — CH2V 

Br/ NCH 2 — CH/ 


CH • COOH. 


Dilute sodium or potassium hydroxide or even pyridine removes hydrogen 
bromide from this compound, establishing a double bond in the ring : 

/CH2 — CH2V 

CH3 — >CH • COOH. 

^CH — CH/ 


This is esterified once more, treated with an excess of the Grignard reagent 
(CHaMgl), and hydrolyzed. The resulting product is terpineol. 


CH2 — CH2 CH3 

ch 3 — c / x ch— c— oh 

\ / \ 

CH — CH 2 CH 3 

Terpineol 


Dipentene. Terpineol yields one molecule of water and is 
converted into dipentene when heated with potassium hydro- 
gen sulfate. There are two possible mechanisms for this 
dehydration : 
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Dipentene is a racemic mixture of optically active hydrocar- 
bons known separately as d- and Z-limonene, and therefore 
corresponds to formula I, in which carbon atom 4 is asymmetric. 
There is no asymmetric carbon atom in II. Formula II is as- 
signed to another compound, terpinolene, an optically inactive 
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hydrocarbon incapable of resolution into active forms and 
obtained from terpineol when the latter is dehydrated by 
means of a mixture of alcohol and sulfuric acid. Dipentene is 
a constituent of pine-needle oil, citronella oil, and oil of cubebs. 
The optically active forms (limonenes) are widely distributed 
in nature, d-limonene being present in lemons, oranges, cara- 
way, dill, and bergamot, and Z-limonene occurring in spearmint 
and peppermint. The limonenes are characterized by the for- 
mation of crystalline addition products with nitrosyl chloride. 
The reaction is carried out by adding to the terpene a solution 
of amyl nitrite and hydrogen chloride in glacial acetic acid. 
A new asymmetric carbon atom appears as a result of the addi- 
tion, so that four isomeric derivatives corresponding to the 
formula CioHieNOCl are formed. 

Pulegone and menthol, found in oil of peppermint, are im- 
portant oxidation products of menthane : 
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Menthol 


Sodium amalgam acts upon an alcoholic solution of pulegone, 
converting it into menthol. Menthol crystallizes from pepper- 
mint oil in slender, colorless needles. It is quite volatile, melts 
at 43°, and is used therapeutically for some disorders of the 
nose and throat. The structure assigned to menthol is based 
upon its conversion into menthane by reduction and into a 
ketone, menthone, by oxidation. The first process indicates 
its relationship to cymene, and the second shows that it is a 
secondary alcohol. The position of the hydroxyl group is 
determined by forming a dibromo derivative of menthone and 
subsequently eliminating two molecules of hydrobromic acid 
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by means of quinoline. Enolization of the compound is ac- 
complished at the same time. The resulting unsaturated com- 
pound is thymol. 
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When thymol is heated with phosphoric acid, it yields propy- 
lene and m-cresol. The hydroxyl in thymol is thus proved to 
be meta to the methyl group, and hence the carbonyl group in 
menthone and the secondary alcohol group in menthol must be 
meta to the methyl radical. Menthone is an intermediate oxida- 
tion product between menthol and pulegone. The position of 
the carbonyl group in the latter is thus established. 

Carvone and carvacrol. The same process of reasoning is used 
in assigning a definite structure to carvone, a ketone found in 
oil of caraway, and to carvacrol, obtained from carvone by 
heating with an alkali : 
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The latter yields propylene and o-eresol when warmed with 
phosphoric acid. This result indicates that the carbonyl group 
in carvone and the hydroxyl group in carvaerol must be in the 
ortho position with respect to the methyl group. 


Dicyclic Terpenes 

The principal dicyclic, or bridged-ring, terpenes are deriva- 
tives of pinene and camphene. Turpentine contains repre- 
sentatives of this series, isomeric with limonene, but capable 
of forming addition products with only two atoms of bromine 
or one molecule of hydrobromic acid. That is to say, each 
molecule in this group has only one double bond, although it 
has four hydrogen atoms less than the saturated hydrocarbon 
menthane. They are capable of conversion into terpin, ter- 
pineol, or limonene, and therefore, to account’ for their degree 
of unsaturation, they must have two closed chains, that is, two 
rings. There are three ways of forming a second ring or a 
"bridged ring” in the menthane molecule, with loss of two 
hydrogen atoms. Representatives of the three types of com- 
pounds are shown in the following structures : 



CH 2 


ch 2 


Menthane 
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CH 2 CH- 


-CH, 
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Camphane 


Pinene, the principal component of turpentine, differs from 
pinane by two hydrogen atoms. The position of the double 
bond is determined by the fact that pinene takes up a molecule 
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of water in the presence of acetic acid and benzenesulfonic 
acid, breaking the bridge and yielding terpineol : 


CH 3 


CH— 
CH : 
CH 2 



Pinene 


ch 3 
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CH=— C CH 2 

CH 2 CH CH 2 

CH 3 — C— CH 3 
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OH 

Terpineol 


The conversion of pinene into dipentene, which can be accom- 
plished through the agency of an alcoholic solution of sulfuric 
acid, no doubt involves the formation of terpineol as an inter- 
mediate product. Removal of water from terpineol yields either 
terpinolene or dipentene, depending upon the conditions, and 
in either case the product is isomeric with pinene : 
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Pinene forms an addition product with hydrogen chloride, the 
double bond being broken. The compound resembles camphor 
and is sold as artificial camphor. 

Camphor. The chief component of the essential oil obtained, 
by steam distillation, from the leaves of the camphor tree is a 
white, crystalline solid called camphor, C 10 H 16 O. It sublimes 
at low temperatures, melts at 179°, and boils at 209.1°. It is 
almost insoluble in water but dissolves in organic solvents. 

Camphor is a ketone, for it reacts with hydroxylamine, form- 
ing an oxime. It contains the group — CH 2 — CO—, for it yields 
an isonitroso derivative with nitrous acid. Hydrolysis of the 
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isonitroso compound results in the formation of camphor 
quinone, which is easily oxidized to camphoric acid : 
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Camphoric acid is 

oxidized by a 

dilute solution of 


manganate ion, the principal products being oxalic acid and 
a/3/3-trimethyl-y-oxyglutaric acid. On the basis of this reaction 
the following structure has been assigned to camphoric acid : 

CH 3 

CH 2 C COOH 

CHs— C— CH 3 
CH 2 CH COOH 

The structure has been confirmed by a synthetic preparation of 
the acid.* 

Nitric acid converts camphor into camphoronic acid, C 9 H 14 O 6 . 
The structure of camphoronic acid is known to be 

CH S 

I 

CH 2 C C (CH 3 ) 2 

I I I 

COOH COOH COOH 

for it has been synthesized as follows: condensation of iso- 
butyric ester and acetoacetic ester yields 

CH 3 

I 

CH 2 C C (CH 3 ) 2 

I I I 

COOR OH COOR 

The hydroxyl group is replaced by chlorine through the agency 
of PC1 3 . The chlorine is then replaced by CN through the 

* G. Komppa, Ber., 36, 4332 (1903). G. Komppa and O. Routala, Ber., 44, 858 
(1911). 
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action of KCN, and the cyanide is then converted into the 
corresponding acid by hydrolysis. 

On the basis of this evidence and in harmony with all its 
properties, Bredt has assigned to camphor the following formula : 
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CHs-C— CHs 
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The primary oxidation products are 
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Camphor may be made from turpentine for about the same price that is 
now paid for the natural product. The most successful method consists of 
six steps, as follows: (1) Preparation of fairly pure pinene (b.p. 154°) from 
crude turpentine by fractional distillation. (2) Conversion of pinene into 
pinene hydrochloride by saturating it with dry hydrogen chloride gas at 10° 
to 15°. The crystalline addition product is obtained by cooling the mixture 
to —15°, filtering, and recrystallizing from alcohol. It is a soft, snow-white 
mass of very fine crystals (m.p. 128°) having an odor like that of camphor. 
(3) Preparation of camphene from pinene hydrochloride by digestion with 
potassium phenolate and subsequent fractional distillation. Camphene dis- 
tills at 150° to 160°, and therefore is readily separated from the major por- 
tion of the phenol (b.p. 182°). Some phenol distills over with the camphene 
and is washed out by shaking with a solution of sodium hydroxide. The 
camphene is melted, dried with calcium chloride, and redistilled (m.p. 52°, 
b.p. 150°). (4) Preparation of isobornylacetate from camphene. This is 

done by warming camphene with glacial acetic acid and a little sulfuric 
acid. The product is washed, neutralized with sodium carbonate, and finally 
distilled in vacuo. It is a liquid, boiling at 102° at 12 mm. (5) Hydrolysis 
of isobornylacetate. The ester is heated on a steam bath with an alcoholic so- 
lution of potassium hydroxide. Isoborneol separates as a colorless or slightly 
yellow crystalline solid (m.p. 212°). (6) Conversion of isoborneol to cam- 
phor. This is done by oxidizing isoborneol with fuming nitric acid at 20°-25°. 
The reaction mixture is poured upon cracked ice, and camphor separates as 
a soft, white, crystalline mass. It is purified by steam distillation (m.p. 179°). 
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FLAVORS AND PERFUMES NOT RELATED TO TERPENES 


Winter green. Oil of wintergreen is a rare example of an es- 
sential oil in which, the origin of the flavor and odor can be 
traced to a single chemical compound. The substance is methyl 
salicylate. It may be prepared by the action of methyl alcohol 
on salicylic acid : 


/OH CH 3 OH 

C 6 H4< *- 

XIOOH 


/OH 

CeHtx + H2O. 

xHOOCHs 


Eugenol and vanillin . The principal component of oil of 
cloves is eugenol. It is a colorless liquid (b.p. 253°), and is 
used in the manufacture of some perfumes as well as in flavor- 
ing compounds. When boiled with a solution of potassium 
hydroxide in amyl alcohol, the double bond in the unsaturated 
side chain shifts its position, which results in the formation of 
isoeugenol : 

h°A _ hoA 

CH 3 oA1cH 2 • CH : CH 3 CHsO^CH : CH • CH 3 . 

Eugenol Isoeugenol 


Isoeugenol is oxidized by potassium permanganate to vanillin. 
Vanillin is the main component of the flavoring materials in 
the vanilla bean. It is the methyl ether of protocatechuic 
aldehyde : 


A I 

ch 3 0\J' 


CHO 


Vanillin 


Piperonal (m.p. 37°, b.p. 263°) is a colorless crystalline sub- 
stance with the odor of heliotrope. It may be made by oxidiz- 
ing piperic acid : 



CH : CH • CH : CH • COOH 

Piperic acid 



Piperonal 


The structure of piperic acid was established in connection 
with the study of piperine. 
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Cinnamaldehyde. Oil of cinnamon owes its odor and flavor 
to an nnsaturated aldehyde, C 6 H 5 - CH : CH • CHO, which con- 
stitutes from 70 to 80 per cent of the oil. It forms a stable 
addition product with sodium bisulfite. On exposure to air the 
liquid, cinnamaldehyde, is slowly converted into crystalline 
cinnamic acid. Cinnamyl alcohol, CeHs • CH : CH • CH 2 OH, 
is a crystalline compound, having the odor of hyacinths. It 
occurs as an ester in many plants, especially in storax. 

Coumarin. The odor of new-mown hay and of the tonka bean 
is due primarily to coumarin. The compound is made by an 
application of Perkin’s reaction. Salicylaldehyde, acetic an- 
hydride, and sodium acetate when heated together yield ortho 
hydroxycinnamic acid (eoumaric acid) : 


+ (CH 3 C0) 2 0 + CH 3 COONa 

0 CH=CH — COOH 
OH 

In the presence of hot acetic anhydride this condensation 
product loses water, and coumarin is formed : 



0 CH=CH— COOH 
OH 


♦ A 


CH=CH 
-CO 


y°- 

Coumarin 

(m.p. 67, b.p. 301.7°) 


+ h 2 o. 
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HYDROLYSIS 

An ordinary double decomposition in which water is one 
of the reagents is called hydrolysis. Some compounds are 
hydrolyzed by water alone and at low temperatures; others 
require the aid of a catalyst, or a high temperature, or both. 

The structures most susceptible to hydrolysis are 

=C— O— Ce= =C— O— N=, =C=N— =C — N=, — C^N, 
=C — S — , and =C — X (X = halogen). 

An ether such as CH 3 * CH 2 • O - CH 2 • CH 3 is not readily 
hydrolyzed. In the presence of hydrogen ions at high tem- 
peratures it reacts with water, slowly forming alcohols. If, 
however, negative elements or groups be substituted for hydro- 
gen on carbon atoms near the point where cleavage of the 
molecule occurs, the hydrolysis proceeds readily. The ester 
CH 3 * CO * O - CH 2 * CH 3 may be partially hydrolyzed by water 
at ordinary temperatures without a catalyst. An accumulation 
of negative groups enhances the tendency to hydrolyze. Thus 
acetic anhydride, CH 3 • CO - O • CO * CH 3 , takes up water 
more rapidly than does ethyl acetate. 

The same principle applies to aromatic compounds. Chloro- 
benzene is not affected by boiling water. Trinitrochlorobenzene 
is hydrolyzed to picric acid with great ease. In general, the 
factors influencing the rate of hydrolysis are (1) the structure 
of the molecule to be hydrolyzed, (2) the catalyst, (3) the tem- 
perature, (4) the solvent, and (5) the concentration of the solu- 
tion with respect to the substance hydrolyzed. Some of these 
factors will be considered in connection with typical hydrolytic 
processes. 

Hydrolysis of sugar. Cane sugar presents the first structure 
listed above, namely, =C — O — C==. It is hydrolyzed to dex- 
trose and laevulose under the catalytic influence of hydrogen 
ions or by the enzyme invertase. The rate of conversion may 
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be followed with the aid of a polariscope, the cleavage being 
accomplished by a change in optical rotation. 

If a represents the concentration of sugar in the original 
solution ; b, its initial rotation ; c, its rotation at the end of any 
interval of time t ; and if d is its final rotation (after the hy- 
drolysis is complete), then the quantity x hydrolyzed may be 
calculated from measurements made at any time : 



The hydrolysis of sugar follows the unimolecular law. The 
concentration of the water may be regarded as constant. This 
follows from the fact that the quantity of water used is always 
large as compared with the amount demanded by the equation 
representing the hydrolysis. The rate equation is 

| = «o-x) and t = ilog^- 

A solution of cane sugar having an optical rotation of 46.75 
was hydrolyzed by dilute hydrochloric acid at the rate indi- 
cated below. 


t (minutes) 

d (rotation) 

1. a 

k = - log 

t a—x 

0 

46.75 


15 

43.75 

.00136 

30 

41.00 

.00133 

60 

35.75 

.00133 

90 

30.75 

.00135 

120 

26.00 

.00137 

150 

22.00 

.00132 

210 

15.00 

.00137 

330 

2.75 

.00146 

510 

-7.00 

.00146 

630 

-10.00 

.00135 

Infinite 

- 18.70 



To find the per cent of the sugar that was hydrolyzed at the 
end of fifteen minutes we have 

46.75 - 43.75 3 

46.75 - (- 18.70) 65.45 “ 4-58 per cent ' 

The rate of hydrolysis of cane sugar varies with the hydrogen 
ion concentration of the solution. A half-normal solution of 
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nitric acid accomplishes the change six times as fast as does 
tenth-normal nitric acid. 

A salt of a weak acid usually retards the rate of hydrolysis — 
a fact that can be accounted for on the basis of its tendency to 
reduce the hydrogen ion concentration — but it is not obvious 
that salts like sodium chloride and potassium bromide, when used 
in connection with hydrochloric or hydrobromic acid, should ac- 
celerate the change. However, this effect has been observed. 

A rise of temperature causes a marked increase in the rate 
of the reaction. In the presence of 0.25 N HBr cane sugar is 
hydrolyzed fifty times as fast at 55° as at 25°. Any change in 
the composition of the solvent affects the rate of chemical action. 
The addition of alcohol to an acidified aqueous solution of 
sugar results in a lowering of the rate of hydrolysis. The mag- 
nitude of the change in rate is many times greater than would 
be predicted on the basis of diminished ionization of the acid. 
Other reactions show similar effects. Ammonium cyanate is 
converted into urea thirty times as fast in alcohol as in water. 
The relative rates of formation of tetraethylammonium iodide 
from ethyl iodide and triethylamine in various solvents are 
approximately as follows : hexane, 1 ; ether, 4 ; xylene, 10 ; ethyl 
acetate, 100 ; allyl alcohol, 200 ; acetone, 300 ; benzyl alcohol, 
700. The fact that the reaction proceeds seven hundred times 
as fast in benzyl alcohol as in hexane cannot be attributed to 
more frequent collisions of the reacting molecules. It must be 
due to some specific effect of the solvent that results in an acti- 
vation of the reagents. 

Enzymes usually act selectively. Yeast, for example, con- 
tains or produces an enzyme which hydrolyzes cane sugar but 
fails to act upon milk sugar. The specificity of enzyme action 
is even more strikingly exhibited in connection with the hy- 
drolysis of polypeptides. Racemic polypeptides are hydrolyzed 
asymmetrically by enzymes. One isomer usually remains un- 
attacked. 

Hydrolysis of an ester. The reaction between water and ethyl 
acetate may be taken as a typical example of the hydrolysis 
of an ester : 

CH 3 • CO • O • C 2 H 5 + H 2 0 — CH 3 • COOH + C2H5OH. 

The reaction is catalyzed by either hydrogen or hydroxide 
ions. Ordinarily water is used in large excess. Its concentration, 
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therefore, remains unchanged, and the velocity constant of the 
reaction corresponds to that of a unimolecular reaction. 

When the reaction is carried out in alkaline solution, the base 
as well as the ester disappears : 

CH S • CO • 0 • C2H5 + NaOH — CH 3 • COONa + C 2 H 5 OH. 

In this ease the reaction follows the bimolecular law. The veloc- 
ity of the reaction is proportional to the product of the concen- 
trations of the ester and of the base. If a and b represent the 
initial molal concentrations of ester and base, respectively, and 
x is the number of moles of esters and of base consumed in the 
time t, the rate is indicated by the equation 

-j = k(a-x)(b- x). 

In an integrated form, 

£-1. -J— . 

Ii ~t a-b L g cs(6 — m)J 

The rate of change may be followed by titrating measured 
samples of the mixture from time to time. The hydroxide 
ion concentration diminishes as the reaction proceeds. The 
value of k, in the equation given above, is constant when strong 
bases are employed. It is not constant when ammonium hy- 
droxide is used. The ammonium salt formed is highly ionized 
and the accumulation of ammonium ions reduces the hydroxide 
ion concentration. 

An ester of high molecular weight is hydrolyzed more slowly 
than one of lower weight, whether the difference in mass is due 
to the alcohol or to the acid in the ester. The methyl esters 
of acetic, propionic, butyric, and valeric acids are saponified 
under identical conditions at rates corresponding approximately 
to the numbers 50, 35, 12, and 10. Methyl, ethyl, propyl, and 
butyl acetates show nearly the same variations in rates. 

Structural and stereochemical effects on saponification 
rates have been discussed, but a single illustration may be 
given here. In the dibasic acid 

COOH (1) 

Ar 

McOOH (2) 


R 
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carboxyl group (1) is much more easily esterified than is car- 
boxyl (2). Only one ortho substituent interferes with reactions 
of the former, whereas the latter, being protected by two ortho 
side chains, is esterified so slowly by the usual procedure 
(namely, treatment with an alcohol and hydrogen chloride gas) 
that this method is not used in actual practice. The second 
carboxyl group may be esterified, however, by the action of an 
alkyl iodide on the silver salt of the monoester : 

COOR COOR (1) 

QcOOAg + RI 



COOR (2) 


+ Agl. 


Now, group (1) is much more readily hydrolyzed than is 
group (2). Hence by this indirect method either one or both 
of the carboxyl groups may be esterified. 


Other hydrolyses. A cyanide or nitrile takes up one molecule of water, 
forming an amide, or two molecules of water, forming an acid. The first 
reaction is reversible, an amide, RCONHo, being converted into the cyanide, 
RCN, and water by distillation with phosphorus pentoxide. A hot concen- 
trated solution of hydrochloric acid is often used to convert the cyanide 
radical into a carboxyl group. 

Amides are readily saponified by boiling with alkalies: 


^0 

R — + NaOH - 
x NH 2 


,0 
MDNa 


■ R • + NHs. 


Sugars and starches are hydrolyzed, in the presence of acids, to monoses, 
and proteins are converted into peptones, amino acids, and other products, 
by acids or alkalies, or by enzymes. 

Boiling with hydrochloric acid converts many oximes and hydrazones 
into the aldehydes or ketones from which they were derived. 



OXIDATION 


The oxidation processes most frequently used are designed 
to accomplish the following transformations : (1) an aliphatic 
side chain to carboxyl ; (2) primary alcohol to aldehyde or 
acid ; (3) secondary alcohol to ketone ; (4) phenol to quinone ; 
(5) methylene group to — CHOH — or to — CO — ; (6) oxime 
to peroxide ; (7) hydroxylamine derivative to azoxy compound ; 
(8) hydrazine derivative to azo body. 

The principal oxidizing reagents used in organic chemistry 
are chromic acid, alkaline and acid solutions of permanganates, 
nitric acid, hydrogen peroxide, lead dioxide, silver oxide, mer- 
curic oxide, nitrobenzene, bromine, hypobromites, ferric salts, 
amyl nitrite, and atmospheric oxygen. Many other reagents 
are used in special cases. 

Side chains. An aliphatic side chain on a cyclic nucleus may 
be oxidized to carboxyl by such reagents as nitric and chromic 
acids. As a rule the chain is oxidized in such a way as to leave 
the newly formed carboxyl group attached to the ring. For 
an exception to this rule see page 198. Thus toluene, ethyl- 
benzene, and propylbenzene all yield benzoic acid on oxida- 
tion. This means that the carbon atom attached directly to 
the ring represents the place that is most susceptible to oxida- 
tion. It is a reasonable assumption that oxidation begins there, 
forming a carboxyl group at once and eliminating the remainder 
of the chain, which subsequently yields carbon dioxide and 
water or acids of low molecular weight. 

It is sometimes possible to obtain an aromatic alcohol or an 
aldehyde from a hydrocarbon by the oxidation of a side chain. 
Among the reactions of this kind we have the preparation of 
p-nitrobenzyl alcohol from p-nitrotoluene : 


CH 3 


CH 2 OH 


■> 


+ Pb0 2 + H 2 SO 4 


+ PbS0 4 +H 2 0. 
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The commercial production of benzaldehyde from toluene is 
another example (see page 244) : 

CH 3 CHO 

(Q + 2Mn0 2 + 4H+ ► Q) + 2Mn++ + 3H 2 0. 

The temperature and time required for the maximum yield 
of an oxidation product are factors to be determined experi- 
mentally in every new reaction. For details concerning known 
reactions, we turn to the journals and handbooks. One finds, 
for example, that o-xylene and p-xylene are converted into the 
corresponding toluic acids by dilute nitric acid (1 vol. HNO 3 , 
sp. gr. 1.4, to 3 vols. H 2 0), whereas m-xylene requires a con- 
centration of nitric acid twice as great to yield m-toluic acid. 
Chromic acid converts m-xylene and p-xylene into the corre- 
sponding phthalic acids, both methyl groups being converted 
into carboxyl groups, but o-xylene is decomposed by similar 
treatment. The latter, however, is readily oxidized to o-phthalic 
acid by a hot alkaline solution of potassium permanganate. 

The same general rules apply to side chains on heterocyclic 
rings. The methylpyridines are converted into picolinic, 
nicotinic, and isonicotinic acids by hot solutions of potassium 
permanganate. Alkyl derivatives of quinoline are usually oxi- 
dized by heating them on a water bath with dilute sulfuric 
acid and potassium dichromate. Methyl quinoline is thus 
converted into quinoline carboxylic acid. 

Alcohols. Oxidation of a primary aliphatic alcohol results in 
the formation of an acid, unless the intermediate aldehyde 
escapes on account of its volatility or is removed by a reaction 
that is more rapid than the oxidation process. Some aromatic 
alcohols are more readily oxidized than the corresponding 
aldehydes, and the aldehydes in such cases may be obtained as 
final products. Dilute nitric acid converts benzyl alcohol into 
benzaldehyde. On the other hand, benzaldehyde is oxidized to 
benzoic acid by atmospheric oxygen and benzyl alcohol remains 
unchanged in the air. Aniline condenses rapidly with some 
aldehydes and may be used in such cases to prevent oxidation 
beyond the aldehyde stage. Esters are found among the oxida- 
tion products of alcohols, owing to the formation of acid mole- 
cules and their immediate combination with unchanged alcohol. 
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Ethyl alcohol yields acetaldehyde by the following procedure : 

A mixture containing 25 g. of sodium dichromate, 25 g. of -alcohol, and 
40 g. of water is added in small portions to an equal volume of 50 per cent 
sulfuric acid. The mixture is boiled fifteen or twenty minutes under a reflux 
condenser, then distilled. A long, well-cooled condenser is used, and the 
receiver is packed in ice. Acetaldehyde boils at 20.8°. An aqueous solution 
of the aldehyde is obtained. It is purified by extraction with ether and 
conversion into the crystalline aldehyde ammonia, from which the pure 
aldehyde is obtained by distillation with dilute sulfuric acid. 

Methyl alcohol is oxidized to formaldehyde by atmospheric 
oxygen when mixed with air and passed over hot platinum, 
copper, or nickel. Ethyl alcohol and other members of the 
same series having fewer than ten carbon atoms are oxidized 
to aldehydes and acids, without loss of carbon, by air in contact 
with finely divided metals at temperatures ranging from 150° 
to 650°. Alcohols of higher molecular weight yield carbon 
dioxide, acids of low molecular weight, and water. 

Aromatic alcohols are oxidized by the same methods. In 
some cases aromatic halogen compounds (halogen in side 
chain) may be oxidized to aldehydes by lead nitrate solution. 
Benzyl chloride, C 6 H 5 CH 2 CI, when boiled with a solution of 
copper nitrate or lead nitrate, yields benzaldehyde. The 
process involves replacement of the halogen by hydroxyl and 
subsequent oxidation of the primary alcohol. Aromatic al- 
cohols, dissolved in chloroform, are oxidized to aldehydes by 
nitrogen tetroxide. The reaction is slow, requiring several days, 
but it is almost quantitative.* 

Chlorine water, chromic acid, ferricyanides, and nitric acid 
are reagents commonly employed to convert secondary al- 
cohols into ketones : 

3 R 2 CHOH + 2 HN0 3 — *■ 3 R 2 CO + 2 NO + 4 H 2 0. 
R 2 CHOH + Cl 2 (aq.) — R 2 CO + 2 H+ + 2 Cl". 

R 2 CHOH + 2 Fe(CN) e + 2 OH~ 

— * R 2 CO + 2 Fe(CN)e + 2 H 2 0. 

Polyhydnc secondary alcohols containing no primary alcohol 
groups are oxidized to ketone alcohols by solutions of hydrogen 
peroxide and ferrous sulfate ; hydroxy acids may usually be 
changed to ketone acids by permanganate ions, and diketones 

* Cohen and Calvert, J. Chem. Soc., 71, 1050 (1897). 
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are derived from ketone alcohols through the action of nitric 
acid or an alkaline solution of copper salts. The details of 
one method may be given : 

Dry powdered benzoin is heated on a water bath with twice its weight 
of pure concentrated nitric acid for two hours. The mixture is then poured 
into cold water. Benzil separates as a crystalline solid mass. It is washed 
with water until free from acid, then reerystallized from hot alcohol : 

HN0 3 

CeHs • CO • CHOH • C 6 H 5 >■ C 6 H 5 • CO • CO • C 8 H 5 . 

Benzoin Benzil 

Tertiary alcohols are not easily oxidized. They can usually 
be recovered unchanged after treatment with an acetic acid 
solution of potassium dichromate under temperature condi- 
tions that insure the oxidation of primary and secondary 
alcohols. When a tertiary alcohol does respond to oxidation, 
it is converted into compounds of fewer carbon atoms. 

The conversion of an enol into a ketone, with loss of hydrogen 
and a concomitant change in the structure of the molecule, is, 
in some cases, accomplished with great ease (see indigo white, 
p. 287). 

Am i n es. A warm solution of an alkyl amine in which fine 
copper powder is suspended absorbs oxygen and acquires a 
deep blue color. The blue solution, when acidified and distilled, 
yields an aldehyde : 

CH3CH2NH2 + 0 2 + Cu — > CHsCHO + NH 3 + CuO. 

Aniline sulfate in dilute sulfuric acid is oxidized by dichromate 
ions at 0° to 10°. The reaction requires about twenty-four 
hours for completion. From the mixture quinone may be ex- 
tracted with ether (yellow crystals, m.p. 115.7°). Intermediate 
products are formed, one of the first being phenylhydroxyl- 
amine. Para-aminophenol is derived from the latter by intra- 
molecular rearrangement, and finally quinone is formed through 
oxidation of the aminophenol. 

Primary aliphatic amines are converted into alcohols by 
nitrous acid. Phenols are derived from primary aromatic amines 
in the same way. 

RCH2NH2 + HN 0 2 — ► RCH2OH + N 2 + H 2 0 . 

Aldehydes. The aldehyde group is especially susceptible to 
oxidation, Febling’s solution or silver oxide in ammonium 
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hydroxide being more serviceable than the stronger oxidizing 
reagents. Fehling’s solution (alkaline copper tartrate) fails, 
however, to oxidize aromatic aldehydes. A method applicable 
to some of the aromatic aldehydes is treatment with a saturated 
solution of potassium hydroxide. Half of the aldehyde mole- 
cules are oxidized and half reduced : 

2 C 6 H 5 CHO + KOH —*■ C 6 H 5 COOK + C 6 H 5 CH 2 OH. 

The activity of an oxidizing agent cannot be determined by 
studying a single reaction. Silver oxide, for example, rapidly 
oxidizes the aldehyde group, — CHO, but fails, in most cases, 
to break the ethylene linkage, — C=C — . On the other hand, 
potassium permanganate acts faster on the ethylene than on 
the aldehyde group. 

Ketones. Chromic acid breaks the ketone molecule with the 
production of acids. From two to four acids are formed, 
the number depending upon the structure of the ketone. The 
cleavage may occur on either side of the carbonyl group. 
Ethylisobutyl ketone, CH 3 • CH 2 • CO • CH 2 • CH(CH 3 ) 2 , may 
form acetic and isovaleric acids, or it may split on the opposite 
side of the carbonyl group and form propionic and isobutyric 
acids. Usually the cleavage which leaves the ketone carbonyl 
attached to the shorter chain predominates. However, the 
principal oxidation products derived from acetonylacetic acid, 
CH 3 • CO • CH 2 • CH 2 • COOH, are succinic acid and carbon 
dioxide. Ethylisopropyl ketone, CH 3 • CH 2 • CO • CH(CH 3 ) 2 , 
is oxidized to propionic acid and acetone ; small quantities of 
acetic and isobutyric acids are formed also. The acetone 
formed in the primary reaction is further oxidized and appears 
ultimately in the form of acetic and carbonic acids. 

Saturated as well as unsaturated methyl ketones are oxi- 
dized by sodium hypochlorite, the methyl group being removed 
as chloroform. Thus benzalaeetone yields cinnamic acid : 

C 6 H 6 • CH : CH • CO • CH 3 + 3 NaOCl 

— C 6 H s • CH : CH • COONa + CHC1 3 + 2 NaOH. 

In the same way e-ketoheptylic acid forms adipic acid : 

CH 3 • CO ■ CH 2 • CH 2 ■ CH 2 • CH 2 • COOH + 3 NaOCl 
— >» COONa • CH 2 • CH 2 • CH 2 • CH 2 • COONa + CHC1 3 

+ Na0H 7 l-H 2 0. 
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Hydrocarbons. A saturated aliphatic hydrocarbon, as a rule, 
cannot be converted into an alcohol by direct oxidation, for 
any reagent that oxidizes a hydrocarbon acts even more readily 
on an alcohol. The usual result of such a reaction is the pro- 
duction of water and carbon dioxide. However, hydrogen held 
by a tertiary carbon atom is quite easily oxidized to hydroxyl. 
From triphenylmethane a 90 per cent yield of triphenyl car- 
binol is obtained by treatment with chromic and acetic acids 
at the temperature of a water bath. Lead dioxide and sulfuric 
or hydrochloric acid serve to convert the leuco-base of mala- 
chite green into the color- base : 


n rj ‘ N(CH 3 ) 2 Pb0 2 

Cello — Cr—JnL >- 

\C 6 H 4 • N(CH 3 ) 2 


/C 6 H 4 • N(CH 3 ) 
C 6 H s — C^OH 

\C 6 H 4 • N(CHs) 


2 

2 


In many other types of compounds tertiary carbon displays 
the same susceptibility to oxidation. Thus an alkaline solution 
of potassium permanganate acts upon isobutyric acid, produc- 
ing hydroxyisobutyric acid : 


(CH 3 ) 2 CH • COOH — ► (CH 3 ) 2 COH • COOH. 


In a few cases hydroxyl groups are introduced into aromatic 
compounds by fusion with sodium or potassium hydroxide. 
The hydroxyl group does not always take the position of the 
replaced group, and the number of hydroxyl groups introduced 
when an aromatic compound is fused with sodium hydroxide 
does not always correspond to the number of negative substitu- 
ents originally in the ring. 

Most aromatic hydrocarbons resist the action of the ordi- 
nary oxidizing agents. A reagent that acts energetically enough 
to attack the ring converts it into carbon dioxide and water or 
other products of low molecular weight. A few of them, how- 
ever, including anthracene, phenanthrene, and naphthalene, are 
quite easily converted into the corresponding quinones. Naph- 
thalene is oxidized to phthalic acid by heating it with sulfuric 
acid in the presence of mercury. Anthracene for ms a quinone 
instead of a nitro compound when warmed with nitric acid. 
On a commercial scale, anthraquinone is made by an electro- 
lytic oxidation of anthracene.* 


* A lead anode is used in an aqueous solution of sulfuric acid (20 per cent) and 
vanadic acid (2 per cent) ; optimum current density, 300 amperes per square meter ; 
temperature, 80°. 
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Benzene has been oxidized to quinone by silver nitrate, 
potassium persulfate, and nitric acid. Silver nitrate reacts with 
potassium persulfate in nitric acid, forming silver persulfate, 
Ag 2 S 2 0s, which, with water, yields silver peroxide, Ag 2 0 2 , and 
sulfuric acid. As rapidly as the peroxide is used in the process 
the remaining silver or silver oxide is reconverted by the acid 
into the nitrate and by the potassium salt into persulfate. 
The silver is used repeatedly, and a small quantity suffices to 
decompose a large amount of the potassium persulfate. 

An unsaturated hydrocarbon is converted into a hydroxy 
derivative by shaking it with a 1 per cent solution of potas- 
sium permanganate. Ethylene yields ethylene glycol, 

CH 2 OH • CH 2 OH. 

Cleavage in the position of a double bond with the formation 
of a ketone group is rather unusual, but an example is afforded 
in the action of nitric acid on indigo : 


/CO. 
4 NSTH' 


C 6 H/ \c:c/ \c« h < 

T/ \NH/ 


/CO 




Indigo 


2 C 6 H 4 < >CO 
\NH/ 

Isatin 


Phenols. Ortho- and para-dihydric phenols are readily oxi- 
dized to quinones. Thus hydroquinone is converted into quinone 
by a solution of a ferric salt or by an alkaline solution of copper 
sulfate : 


C 6 H4(0H) 2 + 2 Fe +++ — >■ C 6 H 4 0 2 + 2 Fe+ + + 2 H+. 
C 6 H 4 (OH) 2 + 2 Cu + + + 2 OH" — C 6 H 4 0 2 + 2 Cu + + 2 H 2 0. 

Quinones and other types of oxides are formed by the catalytic 
decomposition of the silver salts of some halogenated phenols. 
Ethyl iodide and iodine serve as catalysts in these reactions, 
bringing about the removal of silver and an ortho- or para- 
halogen in the form of silver halide. 

Unsaturated acids. The addition of hydroxyl groups to un- 
saturated compounds is accomplished by the action of a very 
dilute alkaline solution of potassium permanganate at low 
temperatures. If there is only one double bond in the molecule, 
the hydroxyl groups are taken up by the two carbon atoms so 
bound ; but if there are two or more positions of unsaturation 
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in the molecule, and especially in conjugate systems, hydroxyl 
groups may enter in 1-4 positions, or the molecule may cleave 
in the position of one double bond and add hydroxyl groups to 
the other. Thus when crotonic acid, CH 3 • CH : CH • COOH, 
is dissolved in dilute sodium hydroxide or sodium carbonate 
solution, cooled to 0°, and mixed with an equivalent quan- 
tity of 2 per cent potassium permanganate solution, a salt of 
dihydroxybutyric acid is formed. In the same way allyl- 
acetic acid, CH2 : CH • CH2 • CH2 • COOH, is converted into 
Y-5-hydroxyvaleric acid, 

CH2OH • CHOH • CH 2 • CH 2 • COOH, 

and cinnamic acid yields phenylglyceric acid : 

C 6 H 5 • CH : CH • COOH — > C 6 H 5 • CHOH • CHOH • COOH. 

On the other hand, cinnamenylacrylic acid, 

C 6 H 5 • CH : CH • CH : CH • COOH, 

yields benzaldehyde, C6H5CHO, and tartaric acid, 

COOH • CHOH • CHOH • COOH. 

Piperic acid, in the same way, yields piperonal and tartaric 
acid. 

Hydroxylamine derivatives. Ferric chloride, mercuric oxide, 
and potassium ferricyanide are suitable reagents for the oxida- 
tion of aryl hydroxylamines. Very dilute solutions of per- 
manganates or dichromates serve as well. 

CaHsNHOH + 2 Fe(CN) e — + 2 OH- 

— CeHgNO + 2 Fe(CN) 6 + 2 H 2 0. 

3 CeHsNHOH + Cr 2 0 7 — + 8 H+ 

— +• 3 C 6 H s NO + 2 Cr+++ + 7 H 2 0. • 

The following method is satisfactory for making nitroso- 
benzene : 

Dissolve 2 g. of phenylhydroxylamine in 100 cc. of 6 per cent H 2 SO 4 , 
previously cooled to 0°. Add slowly, with stirring, 150 cc. of an ice-cold 
2 per cent solution of sodium dichromate. Allow the mixture to stand at 0° 
for an hour, then extract the nitroso compound with ether. 
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Oximes. An ether solution of benzaldoxime, when saturated 
with nitrogen trioxide, yields a crystalline precipitate of 
benzaldoxime peroxide. In contact with the ether solution of 
the oxides of nitrogen, it is further oxidized to benzildioxime 
peroxide : * 


C 6 H 5 - CH : NOH C 6 H 5 • CH : NO C 6 H 5 - C : NO 

C 6 H 5 • CH : NOH C 6 H 5 • CH : NO C 6 H 5 * C : NO 

Benzaldoxime Benzaldoxime peroxide Benzildioxime peroxide 


Oximes and isonitroso compounds are converted into alde- 
hydes or ketones by amyl nitrite or by any other source of 
nitrous acid : 


R. 


R 

'\c=NOH + C 5 H n ONO — \c=0 + C 5 Hh0H + N 2 0 . 

/ R/ 


R- 


Compounds having a methylene group adjacent to a carbonyl 
group are converted into isonitroso compounds by nitrous acid, 
and the isonitroso compounds are changed by an excess of the 
reagent to aldehydes or ketones. The two reactions, therefore, 
constitute an oxidation process. Diacetyl is made from methyl- 
ethyl ketone by treatment of the latter with nitrous acid : 

ch 3 — ch 2 — CO — ch 3 + HNOs 

— * CHs— C— CO-CH3 + H 2 0 . (1) 

NOH 

CH 3 — C— CO— CHs + HN 0 2 

Aoh 

— * CH 3 -CO-CO-CH 3 + H 2 0 + N2O. (2) 

* Beckmann, Ber., 22, 1591 (1889). 
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The reducing agents most frequently employed are hydrogen 
iodide, sodium amalgam, potassium alcoholate, hydrogen, 
hydrazine, sulfur dioxide, ammonium sulfide, ferrous sulfate, 
titanium trichloride, and stannous chloride. In connection with 
acids or alkalies, iron, zinc, tin, nickel, and other metals are 
frequently used. Metals are used also as catalysts in reductions 
with free hydrogen.* 

Unsaturated carbon chains. Unsaturated oils are hydrogen- 
ated by passing hydrogen gas through the hot oil, in which the 
catalyst is suspended. In this way triolein (from cottonseed 
oil) is converted into the solid tristearin (the chief component 
of beef and mutton fats). Rather and Reid applied the same 
principle in the reduction of unsaturated gases, f Freshly re- 
duced nickel on the surface of fine particles of infusorial earth 
was suspended in molten paraffin (an inert medium) and a 
mixture of ethylene and hydrogen was passed through the sus- 
pension. The ethylene was reduced to ethane. 

Aldehydes and ketones. Sodium amalgam is a convenient 
reagent for the reduction of an aldehyde or a ketone in aqueous 
or in alcoholic solutions. The time required for conversion of 
the carbonyl group to hydroxyl varies from an hour to two or 
three days, depending not only on the temperature, concen- 
tration of the solution, and thoroughness in stirring, but also 
upon the character of the aldehyde or ketone used. 

To a solution of 10 g. of butyric aldehyde in 250 cc. H 20 , 1000 g. of 1 per 
cent sodium amalgam is added in 100-gram portions. The solution is stirred 
frequently, and kept slightly acid in reaction as long as hydrogen is being 
evolved. Butyl alcohol is obtained from the reaction mixture. 

Reduction of a ketone may result in the formation of a diter- 
tiary alcohol or pinacol. Acetone, dissolved in ether which is 
saturated with water, is reduced by sodium ; or, dissolved in 
water, it may be reduced by sodium amalgam. In either 

* Sabatier and Sender ens, La Catalyse de chimie. 
f Rather and Reid, J. Am. Chem. Soc. } 37, 2115 (1915). 
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case two products, namely, isopropyl alcohol and pinacol, are 
formed: 


CH 3 • CO • CH 3 + 2 H — y CH 3 • CHOH • CH 3 . 

Isopropyl alcohol 

CH 3 • COH • CH 3 

2 CH 3 • CO • CH 3 + 2 H — | 

CH 3 • COH - CH 3 

Pinacol 

The formation of pinacol is avoided by reducing the ketone 
with hydrogen gas in contact with hot finely divided nickel 
or copper. Pinacol becomes the principal product when acetone 
is reduced with magnesium in benzene. Mercuric chloride cata- 
lyzes the reaction. Magnesium pinacolate is the product actu- 
ally formed in benzene solution, but the compound is easily 
hydrolyzed to pinacol and magnesium hydroxide. 

Benzophenone is reduced by ethyl alcohol to benzpinacol 
when the solution is exposed to ultraviolet light.* An equivalent 
quantity of alcohol is converted into acetaldehyde. 

Alcohols. Some alcohols may be reduced to corresponding 
hydrocarbons by heating them with hydrogen iodide and red 
phosphorus. The reaction is not a general one. The first step 
in the process consists in replacement of the hydroxyl group 
by iodine, and with many alcohols the action stops at that 
point. In other cases hydrogen iodide is eliminated from the 
saturated halogen derivative, leaving an unsaturated hydro- 
carbon. The latter is usually reduced further by the same 
reagents, yielding a saturated hydrocarbon and iodine. 

C 4 H 9 • CH 2 • CH2OH — >- C4H9 • CH 2 • CH 2 I 

— C4H9 • CH : CH 2 —4- C4H9 • CH 2 - CH 3 . 

Tertiary alcohols, and especially those of the aromatic series, 
are very easily reduced ; thus triphenyl carbinol is converted, 
almost quantitatively, into triphenylmethane by zinc and warm 
acetic acid. The reaction is completed within two or three 
hours. 

Acids. Some acids are converted into primary alcohols 
by electrolytic reduction. This reaction is not a general one. 
Many acids yield hydrocarbons when subjected to electrolysis. 

* Porter, Ramsperger, and Steel, J. Am. Chem. Soc., 45, 1830 (1923). 
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Acetic acid, for example, yields ethane, carbon dioxide, and 
hydrogen: CH3C00H CHs 

— *• | + 2 CO2 + H2. 

CHsCOOH- CH 3 

A few of the higher members of the acetic acid series and some 
homologues of benzoic acid have been reduced to hydrocarbons 
by heating them in sealed tubes four or five hours with hydri- 
odic acid and red phosphorus at temperatures between 200° C. 
and 240° C. 

C 15 H 31 COOH + 6 HI — * CisHsiCHs + 2 H 2 0 + 3 I 2 . 

Palmitic acid Hexadecane 

In general, the direct reduction of the carboxyl group is not 
a practical operation. It is much easier to reduce acid anhy- 
drides, esters, and acid chlorides. Consequently it is a common 
practice to convert the acid into one of these derivatives as a 
preliminary step. 

Aliphatic esters and esters of aromatic acids in which the 
carboxyl group is not attached directly to the ring are readily 
reduced to alcohols by treatment with absolute ethyl alcohol 
and metallic sodium. Acid chlorides are reduced to alcohols 
and amides to amines by the Sabatier and Senderens catalytic 
process described on pages 369 and 370. 

Nitriles. The alkyl cyanides, or nitriles, are only slightly 
soluble in water but quite soluble in alcohol. The latter is 
therefore used as a solvent, and reduction is accomplished by 
the addition of metallic sodium. The solution is boiled under 
a reflux condenser and sodium is added from time to time. 
After about four times the calculated quantity of sodium has 
been dissolved the mixture is acidified and the solvent is dis- 
tilled off in vacuo. The free amine is then released by addition 
of alkali and obtained by distillation or by extraction with ether : 

RCN + 4 C 2 H 5 OH + 4 Na — *- RCH 2 NH 2 + 4 C 2 H 5 ONa. 

Azo compounds. The azo dyes are reduced quantitatively by 
titanous chloride. A standardized solution may be used to 
titrate an aqueous or alcoholic solution of an azo dye, the dis- 
appearance of color indicating the end point. The molecules 
are broken between the nitrogen atoms of the azo group : 

C 6 Hs— N=N— CioHeOH + 4 Ti + + + + 4 H+ 

— C 6 H 5 NH 2 + H 2 NCioH 6 OH + 4 Ti ++++ . 
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Phenylhydrazones break in the same way when treated 
with sodium amalgam and dilute acetic acid. The hydrazone 
is dissolved or suspended in ten to fifteen times its weight of 
90 per cent alcohol, then shaken with an excess of 2 per cent 
sodium amalgam. Acetic acid is added from time to time in 
sufficient quantities to give the mixture a slightly acid reaction. 

Nitro compounds. Aromatic nitro compounds may be con- 
verted into amines by a great variety of reagents in either acid 
or alkalin e solutions. An exhaustive study of the mechanism 
of the change and the influence of the environment upon the 
types of intermediate products formed was made by Haber, 
who reduced nitrobenzene electrolytically in acid, alkaline, and 
nearly neutral solutions. By varying the current density, he 
was able to produce effects comparable to the results obtain- 
able with weak or strong reducing agents. His results are incor- 
porated in the discussion of nitrobenzene (p. 213). 

In the commercial process of making aniline, iron and hy- 
drochloric acid are used to reduce nitrobenzene. Very little 
hydrochloric acid is required, a sufficient concentration of 
hydrogen ions being provided by the hydrolysis of ferric ions. 
The function of the iron as a reducing agent is shown in the 
following equations. These equations, however, do not show 
all the steps involved in the process. 

3 Fe + 6 H+ + C 6 H 5 N0 2 — 3 Fe+ + + C 6 H 5 NH 2 + 2 H 2 0. 

6 Fe ++ + 6 H+ + C 6 H 5 N0 2 

— 6 Fe+ + + + C 6 H 5 NH 2 + 2 H 2 0. 

Fe+++ -f- 3 H 2 0 — *- Fe(OH) 3 + 3 H+. 


Reduction of an aromatic nitro group with simultaneous 
oxidation of a side chain in the same molecule has been accom- 
plished through the agency of an alcoholic solution of potassium 
hydroxide. In this way Bogert and Fisher prepared an amino- 
quinoline carboxylic acid from 5-nitro-6-methyl-quinoline : 



In the same way orfDo-nitrotoluene is converted into anthra- 
nilic acid. 
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Other reductions. An alkyl halide may be reduced to a hy- 
drocarbon by passing its vapor, mixed with water vapor, over 
zinc at 150°-170°. Or, if dissolved in alcohol containing water, 
it may be reduced by boiling with zinc dust. This treatment 
always results in the formation of mixed products. Thus 
ethyl iodide yields butane along with ethane. Aromatic halo- 
gen compounds behave the same way. Biphenyl, CeHs • CeHs, 
is regularly formed in the preparation of phenyl magnesium 
iodide (Grignard reagent) by the action of magnesium on phenyl 
iodide, CeHsI, in ether. 

An alcoholic solution of an alkyl halide, if heated with 
sodium, usually yields an unsaturated hydrocarbon if the 
structure of the alkyl halide permits the removal of hydrogen 
and halogen from adjacent carbon atoms. 

A process of reduction by hydrogen under the catalytic 
influence of a finely divided metal was developed by Sabatier 
and Senderens between 1897 and 1912, and since then many 
mo difi cations of the reaction have been worked out. 

The reaction is carried out by passing a mixture of hydrogen 
and the vapor of the substance to be reduced over freshly 
reduced nickel, cobalt, copper, or iron in a heated tube. The 
temperature required varies with the type of compound to be 
reduced. Some reductions proceed smoothly and rapidly at 
30°-40°, whereas other compounds must be heated to 250°-300°. 
By far the most efficient catalyst for most reductions is nickel. 
It is prepared by saturating lumps of pumice stone with a solu- 
tion of nickel nitrate and heating the mass to convert the nitrate 
into an oxide. The pumice is then placed in a hard glass tube 
and heated to 320°-350° with a stream of hydrogen passing 
through it. The oxide is reduced to metallic nickel. The 
material is not removed, but is used at once as a catalyst for 
gas reactions in the same tube. 

Ethylene and hydrogen, in the presence of nickel, form ethane 
at temperatures as low as 30°-35°. At 150° the reaction is 
rapid. Above 300° there is considerable decomposition of 
ethylene, resulting in deposition of carbon. 

Acetylene and hydrogen combine at ordinary temperatures 
with an evolution of heat that may spontaneously raise the 
temperature of the contents of the tube to 150°. Ethane 
is the principal product, but small quantities of aromatic 
and hydroaromatic compounds are formed. 
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Carbon monoxide and carbon dioxide are reduced by hydro- 
gen in the presence of nickel at 230°— 250°. The reaction 
proceeds slowly at 180°: 

CO + 3 H 2 — *• CPU + H 2 O. 

C0 2 + 4 H 2 — ► CH 4 + 2 H 2 0. 

Aliphatic and aromatic nitro compounds yield primary 
amin es. Secondary and tertiary amines appear in smaller 
quantities; hydrocarbons and ammonia also are among the 
by-products : 

3 H 

C 6 H 5 N0 2 C 6 H 5 NH 2 + 2 H 2 0. 

2 C 6 H 5 N0 2 ^t 3 (C 6 H 5 ) 2 NH + NH 3 + 4 H 2 0. 

c 6 h 5 no 2 i5- 2 C 6 H 6 + NH 3 + 2 H 2 0. 

At temperatures above 300° the benzene ring is ruptured 
and methane, ammonia, and water constitute the principal 
products. 

Phenols are reduced to hydrocarbons. The reaction is slow 
and incomplete at 250°, and at higher temperatures there is 
considerable decomposition, giving rise to methane and other 
aliphatic bodies. 

Alkyl and aryl chlorides are similarly reduced. Nickel 
chloride is formed during the reaction but is reconverted to 
metallic nickel by the excess of hydrogen. Bromides and 
iodides also yield hydrocarbons, but the reaction is less suc- 
cessful than with chlorides, probably because of the fact that 
nickel chloride is more readily reduced than is the bromide or 
iodide. 

Cyanides yield amines. Primary amines predominate in 
the products formed, but secondary and tertiary amines and 
ammonia are always present: 

RCN + 2 H 2 — > RCH 2 NH 2 . 

2 RCN + 4 H 2 — *- (RCH 2 ) 2 NH + NH 3 . 



ADDITION REACTIONS AND THIELE’S 
THEORY OF PARTIAL VALENCE 

The outstanding characteristic of an unsaturated compound 
is its capacity to form addition products. In a few cases both 
the ions or radicals of the added compound are found attached 
to the same atom in the addition product. This is true in the 
case of additions to isocyanides, where bivalent carbon is con- 
verted into the tetravalent state. In most cases the addition 
is accomplished by breaking a double bond, an ion or radical 
of the addendum becoming attached to each of the two atoms 
originally connected by the multiple linkage. There are many 
cases, however, in which double bonds are broken with addi- 
tion on atoms that are not adjacent. For example, bromine 
acts upon a compound of the type R - CH : CH • CH : CH * R, 
yielding R * CHBr - CH : CH • CHBr • R. It was stated in an 
earlier chapter that when polar compounds, such as the halogen 
acids, are added to unsaturated compounds, the negative ion usu- 
ally becomes attached to the carbon atom that is holding fewest 
hydrogen atoms. Thus hydrogen bromide acts upon propylene, 
CH 3 * CH : CH 2 , forming isopropyl bromide, CH 3 * CHBr * CH 3 . 
But, contrary to this rule, hydrogen bromide acts upon acrylic 
acid, CH 2 : CH • COOH, and forms j3-bromopropionic acid, 
CH 2 Br • CH 2 • COOH. 

To account for these anomalies, Thiele advanced a theory 
of partial valence, which has been quite useful in the classifica- 
tion of addition reactions. Thiele maintained that when atoms 
are joined by double or triple bonds there is free or unused 
residual valence on each of the atoms s 9 connected. This 
partial or residual valence he represented by dotted lines as 
follo.ws : 

>C=C< >C=0 — N=N— 

• • • • • • 

According to this view, unsaturated compounds are reactive 
because of the free partial valences. Addition takes place on 
these free residues. The full force of a single bond is then estab- 
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lished in the new linkage at the expense of the double bond. 
Thus the reaction between ethylene and bromine is 

CH 2 =CH 2 + Br 2 — CH 2 =CH 2 — v CH 2 — CH 2 
Br Br Br Br 

Conjugate systems. Compounds having pairs of double bonds 
separated by single bonds are referred to as conjugate systems. 
In such cases the partial or residual valences on atoms that are 
linked together by single bonds may unite and become inactive : 

CH 2 =CH— CH=CH 2 becomes CH 2 =CH— CH=CH 2 


Carbon atoms 1 and 4 remain active, but 2 and 3 are mutually 
satisfied. In compounds of this type, 1, 4 addition regularly 
occurs. The double bond simultaneously shifts to the 2, 3 
position. Conjugation is then impossible and the next addi- 
tion occurs on carbon atoms 2 and 3. Thus the saturation of 
A 1 > 3 -pentadiene by bromine proceeds in steps as follows: 

CH 3 -CH=CH-CH=CH 2 ^CH 3 -CHBr-CH=CH-CH 2 Br 



CH 3 — CHBr— CHBr — CHBr — CH 2 Br. 


a- /3- Un saturated acids take up hydrogen bromide in such a 
way as to produce /3-halogen derivatives : 

CH 3 — CH=CH— COOH+HBr — >-CH 3 — CHBr— CH 2 — COOH. 

Thiele’s theory affords an explanation. If the bromine had 

equal chances for combination with the two unsaturated carbon 

atoms, mixed products would be obtained, but the acid presents 

a conjugate system in which, the cn-carbon is inactive. The 

choice presented to the bromine atom is that of combining 

with the /3-carbon or with oxygen : ~_ T 

/UH 

CH 3 — CH=CH— C=0 


Under such circumstances the bromine attaches to the /3-carbon 
atom, the more positive hydrogen going to the oxygen : 

/OH 

CHa— CHBr— CH=C< 

i • X OH 
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Now, two hydroxyl groups will not, ordinarily, remain attached 
to the same carbon atom. If the compound were saturated, 
water would split off, leaving a carbonyl group ; but when, as in 
this case, the carbon to which the hydroxyl groups are attached 
is doubly linked to another atom, one of the hydroxyl hydrogen 
atoms migrates to the a-carbon, regenerating the carboxyl 
group : 

/OH 

CHs— CHBr— CH=C< — CH 3 — CHBr — CH 2 — COOH. 

x OH 

The shift of the position of the double bond when a /3-y- 
unsaturated acid is heated with an alkali was explained by 
Thiele as due to a tendency to reduce as far as possible the 
residual valence in such a compound. A conjugate system is 
more nearly saturated than one having the same number of 
double bonds in positions that preclude the possibility of con- 
jugation. A shift of the double bond from the /3-y to the 
a- (3 position reduces the free partial valences from four to two : 

/OH /OH 

CH 2 =CH— CH 2 — C=0 — > CHs— CH=CH— C=0 


Thiele’s modification of the Kekul e formula of benzene is 
written 


U 


i n 

Since the molecule is symmetrical and all partial valences are 
conjugated, there is no reason to suppose that the three ordi- 
nary double bonds as written in I are stronger, or that they 
differ in any respect from the three linkages represented by 
single bonds and conjugate residual valences. Formula II, 
therefore, gives an accurate picture of the benzene structure 
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according to the postulates of this theory. Benzene behaves 
as a saturated compound because it lacks free (unconjugated) 
residual affinity. It gives no isomeric ortho disubstitution 
products because the structure is perfectly symmetrical. The 
assumption of an oscillating double bond was necessary to 
harmonize the Kekule formula with the fact that no such 
isomers exist. 

The addition reactions of aldehydes and ketones occur in 
such a way as to satisfy the residual valences of carbon and 
oxygen in the carbonyl group. 



Aldehyde 



W : : 


Ketone 



CONDENSATION PROCESSES * 

THE GRIGNARD REACTION 

In the year 1901, Grignard f published the results of his ex- 
periments on the preparation of alkyl magnesium halides and 
their applications in synthetic processes. His work led to the 
development of one of the most important general reactions 
in the field of organic chemistry. 

The Grignard reagent. A weighed quantity of clean, dry 
magnesium turnings is suspended in pure dry ethyl ether in a 
flask provided with a reflux condenser. An anhydrous ether 
solution of an alkyl or aryl halide (containing a quantity of the 
compound chemically equivalent to the weight of magnesium) 
is added. A crystal of iodine is sometimes used as a catalyst, 
but the reaction usually begins at once without a catalyst and 
becomes violent if not retarded by cooling. Heat is evolved 
and the ether boils vigorously. If it fails to boil spontaneously, 
the mixture is warmed on a water bath until the magnesium is 
dissolved. The reaction between magnesium and the alkyl 
halide is represented by the equation 

RX + Mg — >- RMgX. 

The product RMgX is known as the Grignard reagent. 

In consideration of the fact that the reagent generally retains 
one molecule of ether when the solution is evaporated to dry- 
ness, many investigators have assumed that it should be con- 
sidered an oxonium compound of the typej 

C 2 H 5v /M gX C 2 H 5x /MgR 

>°< or >0< 

c 2 h 5 / NR c 2 h 5 / XX 

* Cohen defines condensation as "the union of two or more organic molecules 
or parts of the same molecule, with or without elimination of component elements, 
in which the new combination is effected between carbon atoms.” The term, there- 
fore, applies to a great variety of synthetic processes. Typical examples of con- 
densation are Wurtz’s synthesis, Perkin’s synthesis, the Grignard reaction, the 
Friedel and Crafts reaction, and so on. 

t Grignard, Ann. chim. etphys., 7th series, 24, 433 (1901). Fora good bibliography 
of the Grignard reaction see West and Gilman’s " Organo-magnesium Compounds,” 
National Research Council Reprint No. 2U (1922). 
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Other support for this conclusion is based upon the fact that 
magnesium is not attacked by alkyl halides in the presence 
of such solvents as benzene, toluene, and the paraffin hydro- 
carbons. The reagent can be prepared, however, in benzene- 
ether mixtures containing much less ether than the quantity 
theoretically required to produce the oxonium compound* * * § ; or 
it may be prepared in the absence of any oxygen compound, as, 
for example, in dimethylaniline f or in quinoline. { It is true 
that the solvent is held more or less firmly by the organo- 
magnesium compound, but it is equally certain that the solvent 
may be removed until the quantity remaining falls far below 
the limits demanded by the oxonium formula. In fact some 
alkyl magnesium halides have been prepared by the action of 
the metal and the alkyl halide in the absence of any other 
substance. 

Side reactions reduce the yields of organo-magnesium com- 
pounds. The most important deviation from the main re- 
action is due to the tendency of magnesium to act upon alkyl 
halides with the formation of magnesium halide and hydro- 
carbons. With potassium, sodium, or even with zinc, instead of 
magnesium, this is the normal course taken (Wurtz’s synthesis). 

Carbon dioxide. When a stream of carbon dioxide is passed 
into an ether solution of methyl magnesium iodide, a crystalline 
addition product is formed at once : 



/OMgl 


The ether solution is poured upon crushed ice to hydrolyze the 
addition product, and hydrochloric or sulfuric acid is added to 
prevent precipitation of magnesium hydroxide. Acetic acid is 
formed in this reaction : 


/OMgl 

C^-CHs + HOH — »- CH3COOH + MgIOH.§ 

* Tschelinzeff, Ber., 37, 4534 (1904). 

f Tschelinzeff, ibid., 2081. 

t Sachs and Sachs, Ber., 37, 3089 (1904). 

§ In the acid solution the salt MglOH does not exist. The products are Mgl 2 , 
MgCl 2 , or MgSC>4, or the ions of these salts. In order to keep the equations in the 
simplest possible forms we shall use formulas of the type MgXOH to represent 
hydrolysis products of compounds formed through reactions of the Grignard reagent. 
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Homologues of acetic acid may be prepared in the same way 
by substituting for the methyl group any other alkyl radical. 
Benzoic acid and its homologues may be prepared with equal 
ease by using aryl magnesium halides. The influence of the 
halogen, though usually slight, cannot be ignored. In this 
case it is quite an important factor. Magnesium phenyl iodide 
with carbon dioxide gives a good yield of benzoic acid.* The 
corresponding bromide yields very little benzoic acid, the prin- 
cipal products being triphenyl carbinol and benzophenone. 
The three products are formed simultaneously under any cir- 
cumstances, but any one of them may be made to predominate 
by suitably modifying the conditions of the experiment : 


C 6 H 5 MgBr + C0 2 


C 6 H 5 c/ o 


OMgBr 


H 2 0 CsHsCOOH + MgOHBr ; (1) 


Benzoic acid 


2C 6 H 5 MgBr + C0 2 ■ 


C 6 H s . ^-OMgBr 
/ X OMgBr 


C«Hj 


C H 

H 2 0 6 5 \cO + MgBr 2 + Mg(OH) 2 ; (2) 

Benzophenone 


3C 6 H 6 MgBr + C0 2 — >- (C 6 H 5 ) 3 COMgBr+MgO-f MgBr 2 , 
(C 6 H 6 ) 3 COMgBr + HOH — (C 6 H 5 ) 3 COH + MgBrOH. (3) 

Triphenyl carbinol 


A quantitative yield of triphenylacetie acid is obtained when 
triphenylmethyl magnesium chloride is treated with carbon 
dioxide : 


*0 


(C 6 H 6 ) 3 CMgCl + C0 2 — >- (C 6 H 6 ) 3 C— C/ 

\OMgCl 

y> 

(C 6 h 6 ) 3 C 

y OMgCl + H 2 0 — =>- (C 6 H 6 ) 3 C • COOH + MgOHCl. 


The eymene carboxylic acids are made from the correspond- 
ing bromides by means of the Grignard reaction.f A few drops 

* Zelinsky, Ber., 35, 2687 (1902). 

t Bogert and Tuttle, J. Am. Chem. Soc., 38, 1353 (1916), 
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of ethyl iodide activate the magnesium so that it dissolves 
rapidly in an ether solution of bromocymene. The ether solu- 
tion is then cooled to about — 10° and kept in contact with 
carbon dioxide under pressure for eight or ten hours. The 
product is hydrolyzed with ice and dilute hydrochloric acid : 


CH 3 

Mg, C0 2 
>- 

CH(CH 3 ) 2 

3-Bromocymene 



ch 3 


ch 3 


A yOMgBr 
V<N> 

CH(CH 3 ) 2 



)COOH 


CH(CH 3 ) 2 

Cymene-3 -carboxylic acid 


Sulfur dioxide,* nitrogen dioxide, f and carbon disulfide com- 
bine with the Grignard reagent, forming compounds analogous 
to those formed with carbon dioxide. 

Water, alcohols, phenols, and amines decompose alkyl and 
aryl magnesium halides, with the formation of hydrocarbons, 
as indicated by the following equations : 


2 C 2 H 5 MgBr + 2 H 2 0 — 2 C 2 H 6 + MgBr 2 + Mg(OH) 2 . (1) 


2 C 2 H s MgBr + 2 C 2 H 5 OH 

— 2 C 2 H 6 + MgBr 2 + Mg(0C 2 H 5 ) 2 . (2) 


2 C 2 H s MgBr + 2 C 6 H 5 OH 

— >■ 2 C 2 H 6 + MgBr 2 + Mg(OC 6 H 6 ) 2 . (3) 

/H 

CaHsMgBr + C 6 H 5 NH 2 — ^ C 2 H 6 + C 6 H S N< 

NVtgBr (4) 

Amin o and hydroxyl hydrogen may be estimated quantita- 
tively by measuring the ethane gas evolved in these reactions. J 

Primary amines are capable of further action. Both amino 
hydrogen atoms are removed at elevated temperatures (boiling 
point of the ether solution). A secondary amine, having only 
one available hydrogen atom, reacts with but one molecule 
of the reagent. Tertiary amines are inactive. The metallic 
derivatives formed in these reactions are hydrolyzed rapidly 
by water, regenerating the original amines, phenols, and alco- 
hols. The carbonyl as well as the amido group in an amide is 

♦Rosenheim and Singer, Ber., 37, 2152 (1904). Houben and Kesselkaul, Ber., 
35 , 3695 (1902). 

t Wieland, Ber., 36, 2315 (1903). 

i Hibbert and Sudborough, Proc. Chem. Soc., 19, 285 (1903). 
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susceptible to reaction with alkyl magnesium halides. A ketone 
is the final hydrolysis product derived from a primary ami de, 
but the yield is unsatisfactory: 


/yO /OMgX 

R—Cf + 2R'MgX — R — C^-R' + R'H; 

X NH 2 \NH • MgX 


/OMgX 

R— C^-R' + 2H 2 0 

\NH • MgX 


/OH 
R — Cr-R' 
\nh 2 


/OH 

R— C^R^ + MgX 2 + Mg(OH) 2 ; 
R— CO— R' + NH 3 . 


The last step takes place spontaneously at temperatures at- 
tained on a water bath. 

Aldehydes and ketones. The Grignard reagent acts upon 
aldehydes and ketones, forming compounds which are readily 
hydrolyzed to alcohols. Generally an ether solution or sus- 
pension of the aldehyde is added to an ether solution of the 
reagent, and the mixture is wanned on a steam bath under 
a reflux condenser for two or three hours. The reaction mix- 
ture is then cooled and slowly poured on cracked ice. The 
hydrolysis is accompanied by the evolution of heat. Enough 
hydrochloric acid or ammonium chloride is added to the ice 
to hold the magnesium in solution, and the alcohol is extracted 
with ether. 

Formaldehyde gives rise to primary alcohols. All other al- 
dehydes yield secondary alcohols, and ketones are converted 
into tertiary alcohols : 


R'MeX /R' /R' 

R— CHO R— C^-OMgX H 2 0 R— C^OH; (1) 

\H — *- \H 

OMgX OH 

R— CO— R R ^ — R— C— R H 2 0 R— C— R. (2) 

V, I 

R R' 


If the aldehyde or ketone is also a primary or secondary 
amine, an excess of the reagent must be used, for the speed of 
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the reaction with an amino group is much greater than with 
the carbonyl. The latter reacts, therefore, only with the mag- 
nesium compound remaining after the amino group has been 
completely satisfied. With aminobenzophenone, for example, 
the reactions proceed as follows : * 




2RMgX 


■> 



RMgX 
-> 


OMgX 



3H 2 0 
> 


MgX 

MgX 



Cyclic compounds have been made by the action of magne- 
sium on ether solutions of halogen-substituted aldehydes and 
ketones.t 


CH 2 — CH 2 — CHO 

I 

ch 2 — ch 2 — ch 2 i 


,, CH 2 — CH 2 — CHO 
Mg | 

CH 2 — CH 2 — CH 2 MgI 
CH 2 — CH 2 — CHOMgl 

ch 2 — ch 2 — ch 2 


h 2 o ch 2 — ch 2 — choh 

CH 2 — CHs— ch 2 


Acid chlorides and esters. With acid chlorides and esters, 
the aryl and alkyl magnesium halides form addition products 
which, upon hydrolysis, yield ketones or tertiary alcohols : 


.0 


//^ /OMgX 

R — Cf R'MgX R — C^-R' 
X)R >■ \OR 


H 2 0 


R — CO — R' + ROH -(- MgXOH. 


* Porter and Hirst, J . Am. Chem. Soc., 41, 1264 (1919). 
t Zelinsky and Moser, Ber., 35, 2684 (1902). 
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With an excess of the reagent the alkoxyl group of the ester 
is replaced by an aryl or alkyl radical : 


/OMgX 

R — C^-R' 4 - R'MgX 

\OR 


/OMgX 

R— Cf-R' + MgXOR; 

\R' 


/OMgX 
R — C^-R' 

\R' 


/OH 

+ H ,0 — ^ R— C/-R' + MgXOH. 
\R' 


Esters of formic acid yield aldehydes or secondary alcohols. 
The production of benzaldehyde from ethyl formate and phenyl 
magnesium bromide is accomplished on a commercial scale. 

Many esters are capable of reacting in more than one way. 
In cyanoacetic ester, for example, the cyanide radical or the car- 
bonyl or both may unite with the reagent. The product formed 
depends upon the relative velocities of the possible reactions. 
In this case the fastest action is addition on the — CN group : 



R 

C=N 

1 

C=N — MgX 

O- 

M 

to 

ch 2 

| + RMgX - 

1 

c=o 

c=o 

oc 2 h s 

oc 2 h 5 


On hydrolysis this product yields a /3-ketonic ester. 

When treated with a Grignard reagent, acetoacetic ester and 
other /3-ketonic esters which are capable of tautomeric change 
react in the enol form. The original ester is regenerated when 
the reaction product is hydrolyzed with cold water. On the 
■other hand, dialkyl acetoacetic esters yield /3-hydroxy acids and 
ditertiary alcohols : 

CH3 — CO — CR2 — COOC2H5 

R'MeX /OH 

> CH 3 -C^ CR 2 -COOH ( 1 ) 

\R' 


T? C.'—Tt 


/8P 


fS'i 


CHs— CO— CR 2 — COOC2H5 
3 R'MgX 


•OH 
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Ditertiary alcohols have been obtained also from diketones. 
Thus benzil has been converted into diphenyldiethyl glycol: 


C 6 H 5 OH OHC 6 H 5 

CeHg— CO-CO— C 6 H 6 2C ^ H sMg I — \/ 

CzH./ \ 2 H 6 


Since many tertiary alcohols lose water and form unsatu- 
rated hydrocarbons when heated, the Grignard reaction has 
been used to prepare derivatives of ethylene. 

Alkylene oxides. Ethylene oxide and propylene oxide form 
addition products with alkyl magnesium halides : 


CH; 


CHs— OMgBr 


%0 + CH 3 MgBr- 
CH/ CH 2 — CH 3 


On hydrolysis the addition product is converted into a primary 
alcohol. 

Halogen compounds. Chloroform and bromoform react en- 
ergetically with the Grignard reagent, yielding products in 
which one or more of the halogen atoms are replaced by hy- 
drocarbon radicals. Triphenylmethane is produced by this 
reaction : 


CHBr s + 3 CeHsMgBr — (C 6 H 5 ) 3 CH + 3 MgBr 2 . 

Benzal chloride yields its chlorine in a similar way, giving 
the same product : 

C 6 H 5 CHCI 2 + 2 CeHgMgl — y (C 6 Hs) 3 CH + MgCl 2 + Mgl 2 . 

Halogens may be replaced by hydrogen, by converting the 
halide into a magnesium addition product, then decomposing 
the compound with water. Triphenylchloromethane is thus 
converted into triphenylmethane: 

(C 6 H 5 ) 3 CC 1 + Mg — >- (C 6 H 5 ) 3 CMgCl ; 

(C 6 H 5 ) 3 CMgC 1 + H 2 0 — > (C 6 H 5 ) 3 CH + MgClOH. 

With ethylene chlorohydrin and its homologues an alkyl or 
aryl magnesium halide acts first with the hydroxyl group : 

ch 2 ci ch 2 ci 

I + RMgX — *■ I + RH. 

CH 2 OH CHaOMgX 
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If an excess of the reagent is used, the chlorine atom is replaced 
by a carbon radical : 

ch 2 ci „ ch 2 r „ n ch 2 r 

j RMgX | H 2 0 1 

CH 2 OMgX CH 2 OMgX CH 2 OH 

Organic acids. Monobasic aliphatic acids, also benzoic acid 
and its homologues, are converted into tertiary alcohols by 
dissolving or suspending them in dry ether with phenyl mag- 
nesium bromide, and boiling the mixtures from one to six 

Vi nnro * * 

/OMgBr 

2 C 6 H 5 MgBr — R— C^-C 6 H 5 + MgBrOH ; 

\C 6 H 5 


U-L O . 


,0 


R— c/ + 
\qh 


/OMgBr 
R— CeCeHs 

\c 6 h 5 


+ H 2 0 — R- 


/OH 

-CfC e H 5 

\c 6 h 5 


+ MgBrOH. 


With a-ketonic acids phenyl magnesium bromide acts upon 
the ketone group: ^ TT CH /0 MgBr 

c 6 h 5 / \cooh 

CH 3x /OH 


CH 3 — CO— COOH 

Pyruvic acid 


C 6 H 5 MgBr 
>- 


H 2 0 
y 


C 6 H 5 / x cooh 

a-Phenyl-a-hydroxypropionic acid 


Inorganic salts. The halogen salts of mercury, lead, tin, 
arsenic, antimony, bismuth, silicon, phosphorus, and thallium 
are decomposed by alkyl and aryl magnesium halides with the 
formation of organic derivatives of these elements. Phos- 
phorus trichloride, with an excess of phenyl magnesium bro- 
mide, yields triphenylphosphine : 

2 PC1 3 + 6 C 6 H 5 MgBr — 2 P(C 6 H 5 ) 3 + 3 MgCl 2 + 3 MgBr 2 . 

Mercury biphenyl, tin tetraphenyl, and trimethylarsine are 
formed with equal ease. The behavior of lead chloride is of 
interest, a tetra-aryl derivative being produced from a salt in 
which the lead atom is bivalent : 


2 PbCl 2 -(- 4 CeH 5 MgBr 

— »- Pb + Pb(C 6 H 5 )4 + 2 MgCl 2 + 2 MgBr 2 . 

Lead tetraphenyl crystallizes in colorless prisms melting at 227.7°. 

* F. N. Peters, Jr., Esther Griffith, D. R. Briggs, and H. E. French, J. Am. Chem. 
Soc., 47, 449 (1925). 
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Unsaturated compounds. Kohler and his eoworkers have dis- 
covered certain regularities in the addition of the Grignard 
reagent to unsaturated compounds presenting conjugate sys- 
tems of double bonds.* Aldehydes of the type 

4 3 2 1 

R — CH=CH — CH=0 

yield 1, 2 addition products. That is, the reagent acts upon 
the carbonyl group, giving 

R — CH=CH — C^OMgX 
\H 


Ketones follow the same rule if one of the groups attached 
to the carbonyl is the methyl radical. Other ketones with con- 
jugate double bonds yield 1, 4 addition products. Thus, from 


we obtain 


,0 


R— CH=CH— c/ 

X C 6 H 6 

R\ /OMgX 

>CH— CH=C< 

R' x C6H 5 


On hydrolysis this yields a saturated ketone. 

With a-/3-unsaturated esters there are three possibilities. 
The alkoxyl group may be replaced by the radical of the 
Grignard reagent, or 1, 4 or 1, 2 addition may occur : 


/y 0 

R— CH=CH— C<Q^ + R'MgX 


,0 


R — CH=CH — Cf -f- R'MgX 

X ° E E 


• R— CH=CH— C<^ + MgXOR ; (1) 


,0 


^ \ /U1VJ 

— >CH — CH=C< 

R' X \0R 


•OMgX 


( 2 ) 


R— 1 CH=CH— C^ QR + R'MgX 


R — CH=CH — C^-OMgX. (3) 


"OR 


* Kohler ani 
Chem. J., 33, 3 


Heritage, Am. Chem. J., S3, 21 (1905). Kohler and Reimer, Am. 
(1905). Kohler, Am. Chem. J., 34, 132 (1905) ; ibid., 37, 369 (1907). 
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Reactions (1) and (3) give rise to the same products, and 
we cannot determine which mechanism represents the actual 
process. If the radical in the Grignard reagent is aromatic, 
the reaction goes chiefly according to (1) or (3). If the radical 
is aliphatic, reaction (2) is favored. 

Cinnamic acid is converted into /3/3-diphenylpropionic acid 
by treatment with phenyl magnesium bromide : 

C 6 Hs x 

CeHs— CH=CH— COOH — > >CH— CH 2 — COOH. 

CgHs/ 

Cinnamic acid /30-Diphenylpropionic acid 

(m.p. 134°) (m.p. 150°) 

The first step in this conversion is probably 1, 4 addition. This 
is followed by a molecular rearrangement. 

ZINC ALKYL REACTIONS 

As early as 1852 Frankland * had reported the preparation 
of zinc alkyl compounds and had called attention to their re- 
markable activity. Every year from the time of Frankland’s 
discovery to the beginning of the twentieth century, efforts 
were made to use the metallic alkides in synthetic work. These 
attempts were not entirely successful on account of the difficul- 
ties encountered in the preparation and use of the reagents. 

When ethyl iodide and zinc are heated together in the ab- 
sence of air, compounds corresponding to the formulas C 2 H 5 ZnI 
and (C 2 H 5 ) 2 Zn are produced. The former is a colorless solid. 
The latter — zinc ethyl — is a colorless liquid. It boils at 118° 
and burns spontaneously in an atmosphere of oxygen or air. 
Other alkyl halides react with zinc in the same way. 

Zinc alkyls are hydrolyzed by cold water. The products are 
zinc hydroxide and saturated hydrocarbons : 

2 HOH + Zn(C 2 H 5 )2 — ► Zn(OH) 2 + 2 C 2 H 6 . 

Secondary alcohols are formed through the condensation of 
aldehydes with zinc alkyls : 

R— CHO + Zn(C 2 H 5 )2 — *■ R— C^OZnC 2 H 5 
R _cZoZnC 2 H 5 ^2 Rs >CHOH + Zn(OH) 2 + C 2 H 6 . 

\c 2 h 5 c 2 h s / 

* Frankland, PM. Trans., 142, 417 (1852) ; Ann., 85, 329 (1853). 
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Ketones react with zinc alkyls, forming tertiary alcohols 


R\ /C2H5 

>CO + Zn< 

r/ x c 2 h 5 


R\ /OZnCzHg 

X 


R 


"C 2 H 5 


R\ yOZnC 2 H 5 2 H 2 0 R\ /OH 

rX — X,H S +Z ” (0H)1+C ’ H - 

When an ester is treated with one equivalent of zinc alkyl, 
a ketone is produced : 


y/ 0 /0ZnC 2 Hs 

R— CC + Zn(C 2 H 5 ) 2 — * R— Cf-C 2 H 5 
x OR \OR 


/OZnC 2 H 5 2 H 2 0 /OH 

R — X-C2H5 >- R— C(-C 2 H 5 + Zn(0H) 2 + C 2 H 6 ; 

\OR NOR 


' /OH 
R — C— C2H5 
\OR 


R— CO— C 2 H 5 + ROH. 


With an excess of the zinc alkyl, an ester can be converted 
into a tertiary alcohol : 

_ /O /OZnC 2 H5 /C 2 H 5 

R Cx + 2 Zn(C 2 H 5 ) 2 — y R — Ct— C 2 Hs -f- Zn<^ 

X OR \C 2 H 5 X OR 

/OZnC 2 H 5 2 H 2 0 /OH 

R ~ \c 2 h 5 — * \c 2 h 5 + Zn(0H)2 + C2H6 ‘ 


THE FRIEDEL AND CRAFTS REACTION 

The catalytic influence of anhydrous aluminum chloride in 
effecting condensations between aliphatic halogen compounds 
and derivatives of benzene, naphthalene, and anthracene was 
observed by Friedel and Crafts* in 1876. Applications of the 
reaction have been extended to almost every type of change 
which involves the elimination of hydrogen chloride, hydrogen 
bromide, or hydrogen iodide. The catalytic action of alumi- 
num ehloride is an important aid also in many reactions that 
do not involve the removal of a hydrogen halide. 

♦Friedel and Crafts, Ber., 10, 1180 (1877 ) ; Compt. rend.., 84, 1392 (1877). 



THE FRIEDEL AND CRAFTS REACTION 387 


Ferric chloride, ferric bromide, and the corresponding salts 
of antimony, zinc, and tin may be substituted for the aluminum 
salt ; but as a rule aluminum chloride is superior to these, and 
in many cases it is the only reagent of practical value in bring- 
ing about the condensations. 

1. Side chains introduced. Homologues of benzene may be 
made by the action of aluminum chloride on a mixture of ben- 
zene and an alkyl halide : 

C 6 H 6 + CHsCl ~ C - > CeHsCHs + HC1 ; 

C 6 H s CH 3 + CH 3 CI -^S-C 6 H4(CH3)2 + HC1. 

The reaction does not stop when one alkyl group has been 
introduced into the ring. Products containing two or three side 
chains may be formed at the same time. Separation of the 
products is accomplished by fractional distillation or crystalli- 
zation. The halogen atom involved in the reaction must be 
attached to an aliphatic carbon atom. Chlorobenzene, for ex- 
ample, will not react with an aliphatic hydrocarbon to form a 
homologue of benzene. Benzyl chloride or any aromatic com- 
pound having chlorine or bromine in an aliphatic side chain 
will respond to this treatment ; thus benzyl chloride and ben- 
zene yield diphenylmethane : 



Benzal chloride and benzene yield triphenylmethane : 


<0>CHC1 2 + 2 CeHe I 



+ 2HC1. 


o> 


2. Side chains removed. A solution of xylene in benzene, when 
boiled with dry aluminum chloride, is partly converted into 
toluene. The reaction is reversible, toluene being partly con- 
verted into a mixture of xylene and benzene : 

C 6 H 4 (CH 3 )2 + C 0 H 6 2 C0H5CH3. 
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3. Formation of ketones. Acid chlorides (aliphatic or aro- 
matic) react with aromatic hydrocarbons to yield ketones: 

CHs-- COC1 + C 6 H 6 — — l3 > CH 3 • CO • C 6 H 5 + HC1. 


Phosgene reacts in the same way : 


/Cl 

CO +2C 6 H 6 
\C1 


AICI3 / CsH5 
>- CO 

\c 6 h 5 


+ 2 HC1. 


4. Preparation of aldehydes. A mixture of carbon monoxide 
and hydrogen chloride acts as if it were formyl chloride and, 
like any acid chloride, condenses with an aromatic hydro- 
carbon : 

CH3< 0+ HCOC1 CH 3 O>CH0 + HC1. 

A very successful method for introducing an aldehyde group 
into a phenol, or a phenol ether, consists in treating the com- 
pound with a mixture of hydrogen chloride and hydrogen 
cyanide gases in the presence of aluminum chloride. The 
condensation product is hydrolyzed by acidifying and distill- 
ing with steam : 


OCHs HC1-HCN 
or 

+ C1CH : NH 


OCH3 


OCH 3 


HsO 


+ NH 3 . 


CH : NH 


CHO 


The oxime of chloroformic aldehyde serves also to introduce 
an aldehyde group : 


OH 


Qj + C1CH : NOH 


AlCh 

> 


OH 


CH : NOH 


H 2 0 

*- 

(acid) 



+ NH 2 OH. 


CHO 
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Chloroformamide may be used to make the corresponding acids : 

CeH 6 + CICONH 2 — y C 6 H 5 CONH 2 + HC1; 
C 6 H 5 CONH 2 + KOH — > C 6 H 5 COOK + NH 3 . 


5. Internal condensation. Some aromatic compounds (es- 
pecially acid chlorides) having a halogen atom attached to the 
third, fourth, or fifth carbon atom in an aliphatic side chain 
will form condensed ring compounds : * 


\ — CH 2 — CH 2 — CH 2 — COC1 


+ AlCb 



ch 2 — ch 2 , wn 

CO-OH ^ 1101 


6. Chlorination. Benzene and its homologues may be chlori- 
nated with great rapidity by passing chlorine into a suspension 
of dry aluminum chloride in the hydrocarbon : 


C 6 H 6 + Cl 2 — > C 6 H 5 C1 + HC1. 


7. Sulfinic acids. Benzene absorbs sulfur dioxide in the 
presence of aluminum chloride, forming an addition product, 
sulfinic acid : 


C 6 H 6 + S0 2 — y C 6 H 5 S0 2 H. 


8. Dehydration. Aluminum chloride is a good dehydrating 
agent, and when a reaction mixture presents the possibility of 
splitting out either water or a halogen acid, the course that will 
be followed cannot be predicted. Trichloroacetaldehyde, for 
example, reacts with benzene as follows: 

CCI 3 CHO + 2 C 6 H 6 —v CC1 3 CH(C6H 5 )2 + H 2 0. 

An addition product also appears : 

CClsCHO + C 6 H 6 — CC1 3 • CHOH • C 6 H 5 . 


And in smaller quantities, a product resulting from loss of hy- 
drogen chloride is formed : 

CCI 3 CHO + C 6 H 6 — CeHsCClaCHO + HC1. 


* Kipping and Hall, Proc. Chem . Soc., 15, 173 (1899). 



390 


THE CARBON COMPOUNDS 


The me chanism of the Friedel and Crafts reaction is not 
thoroughly understood. An intermediate product may be 
formed by the action of aluminum chloride on the hydrocarbon, 
and this, in turn, may act upon the halogen compound : 

C 6 H 6 + A1 2 C1 6 — CeHsAlaCls + HC1 ; 
C 6 H 5 AI 2 CI 5 + RC1 — CeHsR + AI 2 CI 6 . 

The objection to this theory is that a large quantity of the salt 
is required, the yield, in most cases, being roughly proportional 
to the amount of aluminum chloride used. This would not be 
true if the salt, in the r61e of a true catalyst, could be used re- 
peatedly. Gustavson found that aluminum chloride forms 
fairly stable compounds with hydrocarbons. He isolated 
products having the formulas AI 2 CI 6 • CeHo and AI 2 CI 6 • 6 CgHe. 
In the same way many of the condensation products formed 
by the Friedel and Crafts reaction combine with aluminum 
chloride. Combination of the salt with the solvent or with a 
product of the reaction would result in its rapid removal from 
the field of action, and this may account for the necessity of 
using large quantities. On this basis, Steele * supports the claim 
that aluminum chloride is a true catalyst, and he maintains 
that it differs from other catalysts only on account of its 
tendency to become inactive through the formation of stable 
compounds of the types mentioned. 

It is not always necessary to supply a catalyst to secure con- 
densation through elimination of hydrogen chloride. The re- 
action proceeds spontaneously in many cases. Michler’s ketone 
is prepared by the direct action of phosgene on dimethylaniline : 

/Cl C 6 H 5 N(CH 3 ) 2 /C 6 H 4 N(CH 3 ) 2 

CO + — *-CO +2HC1. 

\ci C 6 H 6 N(CH 3 ) 2 \c 6 H 4 N(CH 3 ) 2 


Phenol condenses in the same way with benzotrichloride : 


<3CC1 S + 2<^>OH 


XZ>° H 

-CC1 + 2HC1 

XZ> 0H 


* Steele, J. Chem. Soc„ 83, 1470 (1903). 
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This chloride is hydrolyzed by water, and the resulting carbinol 
passes spontaneously into the dye, amine : 


O 


/<O- 0H 

-COH - H 2 0 

XI>-OH *" 


<O-0H 

XI> 


0 


ELECTROLYSIS OF SALTS 

The electrolysis of the salts of organic acids affords a suitable 
method for making a variety of condensation products. The 
metal is removed at the cathode, and carbon dioxide is evolved 
at the anode. Sodium acetate yields ethane : 

2 CHsCOONa 2 CH3COO + 2Na; 

2 CH3COO - 2 e — *- CH S • CH 3 + 2 C0 2 ;* 

At the anode 

2 Na + 2 e + 2 H 2 0 — *■ 2 NaOH + H 2 . 

At the cathode 

If malonic acid is half neutralized with potassium hydroxide 
and half esterified, and then electrolyzed, the chief products 
formed are succinic ester and carbon dioxide : 


2 


coo- 

Ah 2 

iooR 


COOK 

coo- 

| 

ch 2 - 

1 

| 

CH 2 + K+ ; 

COOR 

COOR 

COOR 


ch 2 


— 2 c — ^ 2 C0 2 + | 

ch 2 


COOR 


2 K+ + 2 c + 2 H 2 0 — > 2 KOH + Ha. 

The formation of a ketone by distilling a salt of a carboxylic 
acid is another type of condensation through loss of carbon 
dioxide (see pages 13 and 193). 

* The symbol e is used to represent a unit negative charge, that is, one electron. 
Each negative ion delivers an electron to the anode, then breaks up into CO2 and 
CHa. Each sodium ion receives an electron from the cathode. It thus becomes an or- 
dinary neutral sodium atom. It immediately decomposes water, liberating hydrogen. 
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THE WTJRTZ SYNTHESIS 

Metallic sodium or sodium amalgam may be used to remove 
halogens and effect condensation of the resulting radicals. 
Wurtz used the reaction to build up the homologues of methane : 

2 C 2 H 5 I + 2 Na — > C 2 H 5 • C 2 H 5 + 2 Nal. 

Fittig applied the same method to the synthesis of aromatic 
hydrocarbons : 

2 CeHsBr + 2 Na — > C 6 H 5 • C 6 H 5 + 2 NaBr. 

Aliphatic side chains may be introduced into aromatic nuclei 
by using a mixture of aromatic and aliphatic halides : 

CeHsBr + C 2 H 5 Br + 2 Na — > C 6 H S • C 2 H 5 + 2 NaBr. 

Mixed products are formed, however, when two or more halides 
are present, for there are equal opportunities for the formation 
of at least three different compounds. In the example given 
above ethylbenzene, biphenyl, and butane would be formed. 

Other metals may be used as condensing agents. Finely 
divided copper (molecular copper), prepared from copper sul- 
fate by reduction with zinc,* removes the halogen atoms from 
chloroacetic ester and bromobenzene, forming phenylacetic 
ester ; the temperature required is 180° to 200° : 

C 6 H 5 Br + ClCH 2 COOR + 2 Cu 

— *- CeHsCH 2 COOR + CuCl + CuBr. 

At 230° copper removes iodine from phenyl iodide, forming 
biphenyl : 

2 CeHsI + 2 Cu — C 6 H s • C 6 H 5 + 2 Cul. 

Molecular silver f was used by Gomberg and his coworkers 
in the preparation of triarylmethyls (p. 266), and silver powder 
was used by Wislieenus in the preparation of adipic acid from 
/3-iodopropionie , acid : 

ICH 2 • CH 2 • COOH CH 2 • CH 2 • COOH 

+ 2 Ag — >- | -f 2 Agl. 

ICH 2 • CH 2 • COOH CH 2 • CH 2 • COOH 

* Gattermann, Ber., 23, 1219 (1890). 
t Gomberg and Cone, Ber., 39, 3274 (1906). 
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The use of a halogen to remove a metal is equally successful. 
Iodine acts upon sodioacetoacetic ester, forming diethyldiacetyl 
succinate (p. 406), and sodiomalonic ester responds in the same 
way, yielding ethane tetracarboxylic ester, a stable crystalline 
compound, which on hydrolysis decomposes into carbon dioxide 
and succinic acid : 


COOR 

2NaCH 

I 

COOR 


COOR 


+ I 2 


/ 

CH< 

\COOR 

/COOR 

CH< 

\COOR 


CH< 


4H,0 


ch/ 


COOH 



■COOH 

CH, • COOH 

(heat) 


•COOH 

>- 


COOH 

CH 2 • COOH 


+ 2CO*. 


THE ALDOL CONDENSATION 

The aldol condensation is a reaction of aldehydes and ketones 
in which a bond is established between the a-earbon atom of 
one molecule and the carbonyl group of another. It is exempli- 
fied by the behavior of acetaldehyde in solution with potassium 
carbonate or sodium ethylate : 

CHa— CHO + CHs— CHO — v CH 3 — CHOH— CHs— CHO. 

Acetaldehyde Aldol 

The reagents that induce this change are alkali carbonates, 
sodium or potassium ethylate, dilute solutions of inorganic hy- 
droxides, hydrochloric acid, and, in some cases, zinc chloride, 
sulfuric acid, or acetic anhydride. In many cases zinc chloride 
and the acids carry the reaction beyond the aldol stage by the 
removal of a molecule of water. The reaction is then referred 
to as the crotonaldehyde condensation. 

CH 3 -CHOH-CH 2 -CHO — > CH S — CH=CH — CHO + H 2 0. 

Aldol Crotonaldehyde 

(A 2 -butenal) 

Acetone, saturated with hydrogen chloride and allowed to 
stand for some time, yields mesityl oxide and phorone : 
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CH 3v 

>CO + CH 3 — CO— CH 3 

ch 3 / 

Acetone 

ch 3x 

— ► >C=CH— CO— CH 3 + H 2 O. 

ch 3 x 

Mesityl oxide 
(b.p. 130°) 


CH 3v CH 3 s 

>C=CH— CO— CH 3 + >CO 

ch 3 / ch 3 / 

Mesityl oxide Acetone 


CH 3 \ /CHs 

>C=CH— CO— CH=C< + H 2 0. 

ch 3 / • \ch 3 

Phorone 


Benzaldehyde and acetone combine when boiled with a 10 
per cent aqueous solution of sodium hydroxide.* In this case 
the aldol condensation is followed by dehydration even in the 
presence of dilute alkali: 

C 6 H 5 — CHO + CH 3 — CO— CH 3 

Benzaldehyde Acetone 

—>• C 6 H 5 — CH=CH — CO — CH 3 + H 2 0. 

Benzalacetone 

When o-nitrobenzaldehyde is used in this reaction, the aldol 
can be isolated. It is easily converted into the unsaturated 
compound by treatment with hot acetic anhydride.! 


THE BENZOIN CONDENSATION 

When an alcoholic solution of benzaldehyde is warmed with 
a small quantity of potassium cyanide, it is converted almost 
quantitatively into benzoin : 

2 C 6 H 5 • CHO — ► C 6 H s • CHOH • CO • C 6 H 5 . 

The action of the cyanide ion is specific. No other catalyst 
for this reaction has been found. The benzoin condensation 
is accomplished in alkaline solution only. Free hydrocyanic 
acid does not furnish a sufficient concentration of cyanide ions. 
The reaction differs fundamentally from the aldol condensation, 

* Claisen, Ber., 14 , 2471 (1881). f Baeyer'and Drewsen, Ber., 15 , 2857 (1882). 
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for it is a reaction between aldehyde groups exclusively. In the 
aldol condensation hydrogen migrates from the a-carbon atom 
of one molecule to the aldehyde group of another. In aromatic 
aldehydes, and in tertiary aliphatic aldehydes, no hydrogen is 
present on the a-carbon atom, and the aldol type of condensation 
cannot occur. 

THE CANNIZZARO REACTION 

In the absence of cyanide ions aromatic aldehydes and ter- 
tiary aliphatic aldehydes undergo the Cannizzaro reaction when 
shaken with a concentrated solution of sodium hydroxide or 
potassium hydroxide. The reaction consists of an oxidation of 
half of the aldehyde molecules to the corresponding acid and 
simultaneous reduction of the other half to the alcohol stage. 
An ester is formed as an intermediate product. The mechan- 
ism by which the ester is formed is not definitely known. 
It appears as a condensation product of aldehyde molecules 
in alkaline solution, but its hydrolysis products, the free acid 
and alcohol, regenerate the ester only in acid solution. The 
Cannizzaro reaction may be represented as follows: 

CeHsCHO + CeHsCHO + (KOH) — h C 6 H 5 COOCH 2 C 6 H5 ; 
CeHsCOOCHaCeHs + KOH — * C 6 H 5 COOK + C 6 H 5 CH 2 OH. 

All aldehydes are susceptible to the benzoin condensation 
and the Cannizzaro reaction, but the aldol condensation is a 
faster reaction than either of these, and therefore an aldol is 
formed when an aldehyde having hydrogen attached to an 
a-carbon atom is treated with an alkali. 

THE PERKIN REACTION 

Perkin prepared cinnamic acid by heating a mixture of ben- 
zaldehyde, acetic anhydride, and sodium acetate.* The reac- 
tion may be interpreted as a direct condensation between the 
acid anhydride and the aromatic aldehyde : 

CH3CO C 6 H 5 • CHOH • CH 2 • CO 
2 CeHsCHO + N 0 — \o 
CH3CO C 6 Hs • CHOH • CH 2 • CO 

Benzaldehyde Acetic /3-Phenylhydracrylic anhydride 

anhydride 

♦ William H. Perkin, Trans. Chem. Soc., 31, 389 (1877). 
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Through the loss of water the condensation product yields 
cinnamic anhydride: 


C 6 H 5 • CHOH • CH 2 • CO 

> 

C 6 H 5 • CHOH • CH 2 - CO 

jS-Phenylhydracrylic anhydride 


C 6 H 5 -CH:CH-CO 


0 + 2 H 2 0. 


C 6 H 5 -CH:CH-CO 

Cinnamic anhydride 


On hydrolysis the cinnamic anhydride yields cinnamic acid, 
C 6 H s • CH : CH • COOH. 

Fittig* presented a different mechanism, based upon the as- 
sumption that it is the sodium salt and not the anhydride of the 
acid which combines with the aldehyde : 

C 6 H 5 • CHO + CH 3 • COONa — C 6 H 5 • CHOH • CH 2 • COONa. 

Acetic anhydride was regarded as a dehydrating agent able to 
convert the condensation product into a salt of cinnamic acid : 

C 6 H 5 • CHOH • CH 2 • COONa 

— V C 6 H 5 • CH : CH • COONa + H 2 0. 

The net result may be indicated by a single equation : 

C 6 H 5 • CHO + CH 3 • COONa 

— C 6 H 5 • CH : CH • COONa + H 2 0. 

In support of his claim Fittig presented the following evidence : 
1. Benzaldehyde condenses with sodium isobutyrate in the 
presence of acetic anhydride, forming a salt of phenylhydroxy- 


pivalic acid : 


CH 3 


CH 3 


C 6 H 5 — CHO+H— C— COONa C 6 H 5 — CHOH— C— COONa 

I I 

ch 3 ch 3 

The reaction stops at this point, for water cannot be eliminated 
as it is in the case cited above. 

2. Benzaldehyde, sodium propionate, and acetic anhydride, 
when heated to 100°, yield phenylmethylacrylic acid : 

C 6 H 5 — CHO + CH 3 —CH 2 — COONa + (CH 3 C0) 2 0 

-5- CH 3 —C— COONa + 2 CH 3 COOH. 

CH— C 6 H 5 

* Fittig, Ann., 216, 115 (1882). 
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The evidence is not conclusive, however, for cinnamic acid is 
not formed under any circumstances at 100°, and if the mixture 
of benzaldehyde, sodium propionate, and acetic anhydride be 
heated to 180°, cinnamic acid is the principal product. It is 
obvious that in any system containing a salt of one acid and 
the anhydride of another, double decompositions may furnish 
the anhydride or the salt of either acid. There is still some 
uncertainty concerning the mechanism of Perkin’s synthesis. 

In the place of benzaldehyde we may substitute its homo- 
logues or the halogen, nitro, or hydroxy derivatives of them. 
Likewise, in place of acetic acid we may use the anhydride and 
salt of any other fatty acid, or the corresponding derivatives 
of dibasic acids, or even the aromatic derivatives of the mono- 
basic and dibasic acids.* 

Benzaldehyde, succinic anhydride, and sodium succinate 
yield a phenyl derivative of vinylacetic acid : 

C 6 H 5 CHO + H 2 C • COOH — C 6 H 5 • CH : C • COOH 

I I 

H 2 C • COOH CH 2 • COOH 

— *■ C 6 H 5 • CH : CH - CH 2 • COOH + C0 2 . 

Saturated acids are easily derived from these products. If 
the double bond is between the a-carbon atom and the /3-carbon 
atom, as in cinnamic acid, the addition of a halogen acid results 
in the formation of a /3-halogen compound : 

C 6 H 5 • CH : CH • COOH + HBr 

— C 6 H 5 • CHBr • CH 2 • COOH. 

With hypobromous acid, an a-halogen derivative is formed : 

C 6 H s • CH : CH • COOH + HOBr 

— +- C 6 H 5 • CHOH • CHBr ■ COOH. 

Sodium amalgam, in water or alcohol, introduces two hydro- 
gen atoms; potassium permanganate, two hydroxyl groups; 
chlorine and bromine form addition products. It is obvious, 
therefore, that indirectly Perkin’s reaction is useful as a means 
of making saturated as well as unsaturated compounds. 

* For the mechanism of similar reactions see Kohler and Corson, J . Am. Chem. 
Soc., 45, 1975 (1923). Kohler and Allen, J. Am. Chem. Soe., 45, 1987,(1923). 
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GABRIEL’S SYNTHESIS 

A very useful reaction for the preparation of primary amines 
has been developed by Gabriel.* It consists in the treatment 
of a halogen compound with potassium phthalimide and sub- 
sequent hydrolysis of the resulting product. 

Equimolecular quantities of potassium phthalimide and an 
alkyl halide are heated in a sealed tube at 150°-200°, from two 
to five hours : 

Q^)>NK+C 2 H 5 Br 

— Q^>NC 2 H 5 + KBr. 


The reaction mixture is extracted with hot water to remove 
the potassium bromide and any excess of potassium phthali- 
mide, and the condensation product is then hydrolyzed by 
boiling it with an acid : 



0 COOH 
COOH 


+ C 2 H 5 NH 2 . 


A better yield is obtained by preliminary treatment with sodium 
hydroxide solution, which half hydrolyzes the compound. Sub- 
sequent completion of the process is then accomplished through 
the agency of hydrochloric acid : 


0c>^ * 

O H 2 0 
COONa (HC1) 

CO-NHC 2 H 5 


0 COONa 
CO • NHC 2 H 6 


Acooh 

\y^COOH 


+ C 2 H 6 NH 2 . 


Valuable applications of the reaction were made by Sorensen f 
and by Fischer t in synthesizing amino acids. 


* Gabriel and Hendess, Ber., 20, 2869 (1887). Gabriel, Ber., 47, 3035 (1914) ; 
ibid ., 51, 1493, 1500 (1918). 

t Sdrensen, Ber., 41, 3387 (1908). 


t Fischer, Ber., 34, 454, 2900 (1901). 
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Chloroacetic ester and potassium phthalimide may be used 
in the preparation of glycine : 


Q^>NK+ Cl • CH 2 • COOR — Qco> N • CH2 ‘ 


COOR. 


O' 


N • CH 2 • COOR + 3 H 2 0 
COOH 


' ) COOH 


+ H 2 N • CH 2 • COOH + ROH. 


The ct-amino acids may be made from malonic ester by an 
application of Gabriel's reaction. In order to prepare an acid 
corresponding to the formula R — CHNH 2 — COOH the radical 
R is substituted for one of the hydrogen atoms of malonic ester 
by treating the ester with sodium ethylate and an alkyl halide. 


COOR 

COOR 

1 C 2 H 5 ONa 

1 

ch 2 >- 

CHNa 

1 

COOR 

| 

COOR 


RX 


COOR 

I 

v CHR 

I 

COOR 


The substituted malonic ester is then converted into the 
amino acid as indicated below: 

COOR COOR 

I I 

R — C — H + Br 2 — >■ R— C— Br + HBr; (1) 

I I 

COOR COOR 


COOR 


I / w \ 

R — C — Br + KN^CelL 
COOR 

COOR 

— >■ R — C — N \ C °\c 6 H4 + KBr ; (2) 

| x co/ 


COOR 
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COOR 
| XXX 

R— C— N< vCo />C 6 H 4 + 4 H 2 0 
COOR 

'COOH 

I 

— >■ R— C— NH 2 + C 6 H4(COOH) 2 + 2 ROH ; (3) 

COOH 

COOH 
I heat 

R — C — NH 2 — ► R — CHNH 2 — COOH + C0 2 . (4) 

I 

COOH 


ACETOACETIC ESTER 

Acetoacetic ester is one of the most useful reagents available 
for the synthetic processes of organic chemistry. It is, at the 
same time, an interesting compound from the standpoint of 
molecular structure. Its configuration was the subject of de- 
bate for more than a quarter of a century, and the final solu- 
tion of the problem established a type of isomerism now called 
tautomerism. The compound corresponds to two structures: 

0 

II 

CH 3 — C— CH2 — cooc 2 h 5 
OH 

and j 

CH3 — C=CH — COOC 2 H 5 

The first, or keto, structure represents the compound as a 
ketone; the second, known as the enol structure, represents 
it as an unsaturated alcohol. Acetoacetic ester as ordinarily 
prepared contains molecules of both types in equilibrium with 
each other. If a reagent which reacts with the enol form only 
is added to a solution of the ester, the equilibrium is disturbed 
as the enol is removed, and the keto form is progressively 
changed to the enol by an intramolecular rearrangement, one 
hydrogen atom shifting its position from carbon to oxygen. 
The entire quantity, therefore, acts as if it were an enol. 
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On the other hand, if a reagent is used that removes the keto 
form, the shift occurs in the opposite direction, and the entire 
sample behaves as if it were a ketone. 

The ester is a colorless liquid (b.p. 181°, sp. gr. 1.028), spar- 
ingly soluble in water. With ferric chloride it gives a violet-red 
color due to the presence of a hydroxyl group on a carbon 
atom which is linked by two bonds to another carbon atom. 
Metallic sodium reacts with the enol form of acetoacetic ester, 
liberating hydrogen and forming sodioaeetoacetic ester, 


ONa 

CH 3 — C=CH — COOC2H5. 


Acetoacetic ester is prepared by the condensation of two 
molecules of ethyl acetate. The reaction occurs when ethyl 
acetate is warmed with sodium ethylate (or with metallic so- 
dium and a trace of alcohol). The ethylate ion, C2H5O - , is a 
catalyst for this reaction. The formation of an addition product 
corresponding to the formula 

/OH 

CHs— Cf-OC 2 H 5 

\CH2COOC2H5 


probably represents the first step in the process. The elimina- 
tion of a molecule of alcohol from this compound would result 
in the formation of acetoacetic ester. 

Claisen outlined the reaction under the assumption that an 
addition product is formed between ethyl acetate and sodium 
ethylate which, in turn, reacts with another molecule of the 


ester : 


CH 3 


- C <° 

\oc 2 h 6 


+ C 2 H 6 ONa 


/ONa 

ch 3 — cAdc 2 h 6 

'OC2H5 


/ONa 

CH3 — CV-OC 2 H 5 + ch 3 — cooc 2 h 5 
\0C2H5 

ONa 

I 


CH 3 — C=CH — COOC 2 H 5 + 2 C 2 H 5 OH. 


That an addition product of the type indicated above is 
formed was inferred from the fact that benzyl benzoate and 
sodium methylate form an addition product which can be 

* Claisen, Ber., 20, 646 (1887). 
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isolated and which is identical with the product formed from 
methyl benzoate and sodium benzylate : 

*0 /ONa 

C 6 Hs-C< + CHsONa — ► C 6 H 5 — Cf-OCH s 

x oc 7 h 7 \oc 7 h 7 

and 

*0 /ONa 

C 6 Hs — Cf + C 7 H 7 ONa — ► C 6 H 5 — C X OC 7 H 7 

X OCH s x OCH 3 


The capacity of ethyl acetate, or of any other ester, to form 
an addition product with an alcoholate cannot be doubted, 
but there is no direct proof that such an addition product is 
an actual intermediate in the formation of acetoacetic ester. 

It is generally believed now that the first step in the forma- 
tion of acetoacetic ester is a condensation of the aldol type 
occurring between two molecules of ethyl acetate. This is 
followed immediately by the elimination of a molecule of al- 
cohol. The same mechanism applies to condensations of other 
esters having hydrogen attached to the a-earbon atom. Hy- 
drogen migrates from the a-carbon atom of one molecule to 
the carbonyl oxygen of another. This migration is accompanied 
by the establishment of a bond between the a-carbon atom of 
one molecule and the carbonyl carbon atom of the other: 


J 0 ,0 

R — CH 2 — Cf + R— CH 2 — c{ 

X OR X OR 


OH H 


1 1 /J 

■ R — CH 2 — C C— Cf 


OR R 

The final step in the process is the elimination of alcohol : 
OH H 


0 

'OR 


R— CHs— C- 


-c— c/° 

I X OR 


OR R 


0 H 


„ 11 1 /O 

• R— CH 2 — C— C— Cf + ROH. 
I X)R 
R 
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A solution of sodioacetoacetic ester in petroleum ether, 
cooled to — 60° and acidified with anhydrous hydrogen chloride, 
yields a precipitate of sodium chloride and a solution of the free 
ester. Evaporation of the solvent at a low temperature leaves 
the ester in the enol form. It is a liquid that solidifies only 
when cooled almost to the temperature of liquid air. The keto 
form crystallizes at — 39°, and can be obtained nearly pure by 
freezing it out of the ordinary mixture. 

The relative quantities of the two modifications in any mix- 
ture may be determined by a measurement of the refractive in- 
dex of the mixture. The refractive index is always higher for a 
compound having a double bond between carbon atoms than 
for an isomeric body with the double bond between carbon and 
oxygen. If the indices for the two pure forms are known, the 
composition of a mixture can be calculated from the observed 
refraction. The velocity of the approach to equilibrium from 
either side may be determined by measuring the rate of change 
in the refractive index or by following the development of color 
produced by ferric chloride as the quantity of enolic ester in- 
creases, or the fading of the color as the keto form increases. 

Ethyl propionate, when warmed with sodium ethylate, yields 
propionopropionic ester : 

CH 3 — CHa— COOR 

— y CH 3 — CH 2 — CO— CH— COOR 

ch 3 — ch 2 — coor I 

ch 3 

Esters having no hydrogen attached to the a-carbon atom 
fail to condense in this way. If there is only one hydrogen 
atom in the a position, a condensation product is formed, but 
it does not exhibit keto-enol tautomerism. » 

Aldehydes, ketones, and cyanides condense with esters when 
warmed with an alcoholic solution of sodium or potassium 
ethylate. Ethyl acetate and acetone yield acetylacetone : 

ch 3 • COOC 2 H 5 + ch 3 • CO • ch 3 

(C 2 H 5 ONa) ^ CQ ^ CQ ^ + 

Acetylacetone 
(b.p. 137°) 

Hydrolysis of acetoacetic ester. Acetoacetic ester and its 
homologues may be hydrolyzed in two ways : (1) When boiled 
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with a dilute acid or a dilute aqueous solution of a base, they 
undergo the ketone decomposition : 

CH 3 — CO— CH 2 i— COOR — * CH 3 — CO— CH 3 + C0 2 + ROH. 
H j ;OH 

(2) When boiled with a concentrated alcoholic solution of 
sodium or potassium hydroxide, the acid decomposition is 
effected : 

CH 3 — CO— jCHaCOOiR — > CH 3 COOH + CH 3 COOH + ROH. 
OHjH HiOH 

Acetoacetic ester synthesis. Alkyl halides act upon sodio- 
aeetoacetie ester, replacing the metal by an alkyl radical. 
The substituted ester thus produced has the keto form. The 
mechanism of the substitution probably involves the formation 
of an intermediate addition product and subsequent elimina- 
tion of sodium halide : 

ONa H ONa H 

I I R'X I I 

CH 3 — C=C — C OOR — > CH 3 — C C— COOR 

I I 

X R' 

O H 

II I 

—V CH 3 — C— C— COOR + NaX. 
R' 

Equally probable mechanisms can be visualized without the 
assumption that the alkyl halide appears in the unusual r6le 
of breaking a double bond. The elimination of sodium halide 
may be the first step in the process, the alkyl radical becoming 
attached to the oxygen atom. If the alkyl radical actually 
takes the place of the metal on the oxygen atom, this step is 
followed at once by a rearrangement : 


ch 3 

1 

ch 3 

1 


ch 3 

C— ONa 

R'X C— OR' 


C=0 

II 

— II 

— y 

1 sR' 

CH 

CH 


c< 

| 

1 


|Nk 

COOR 

COOR 


COOR 
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Finally, we may assume ionization of the sodio derivative as 


a preliminary step : 




ch 3 

| 

ch 3 

1 


ch 3 

C— ONa 

1 

ll~~ 

or 

— c— 0- 

1 

CH 

CH 


— C— H 

COOR 

COOR 


| 

COOR 


The alkyl radical then adds to the oxygen or to the carbon 
atom. The product in this case would depend upon the relative 
speeds of the two possible reactions. There is at present no 
means of ascertaining which, if either, of these mechanisms 
represents the actual course of the reaction. There is the fur- 
ther possibility that the sodium displaces hydrogen from the 
methylene group in the keto form of the ester, the sodium be- 
coming directly attached to the carbon atom. 

Sodium replaces hydrogen in a monoalkyl acetoacetic ester ; 
and the metal, in turn, can be replaced by a second alkyl 
group. By these reactions and subsequent hydrolysis any 
methyl ketone or any monoalkyl or dialkyl acetic acid may be 
prepared. The steps involved in a typical procedure are in- 
dicated below. 

ONa 

CH 3 — i=CH— COOR + C 2 H 6 Br 

O 

— >CH 3 — i—CH— COOR + NaBr; (1) 

i 2 H s 


O 


CH 3 — 1 — CH— COOR + Na 
i 2 H 5 


ONa 

• ch 3 — d;=c — coor + 5 H 2 ; ( 2 ) 


C2H5 
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ONa 

o— A=c— ' 


COOR + CH 3 I 


o ch 3 

— v CHa— C— c— COOR + Nal ; (3) 

(Lh 5 

0 CHs 

CH 3 — €— < dj— COOR + H 2 0 

c 2 h 5 

H SO /CH 3 

— - — £ CH 3 — CO— CH +CO 2 + ROH, (4) 

, \C 2 H 5 

AlcKOH CHa x 

or > CH 3 — COOH + >CH— COOH + ROH. (5) 

c 2 h 3 / 

Esters having a halogen atom in the a position may be used 
instead of alkyl halides in the reactions outlined above. The 
ketonic acids are produced in this way : 

ONa 

I 

CHa— C=CH— COOC 2 H 6 + R— CHC1— COOR' 

° ,COOC 2 H 6 
— CHa— C— CH 

^CHR— COOR' 

By the ketone decomposition, this yields 

CH 3 — CO— CH 2 — CHR— COOH, C0 2 , C 2 H 5 OH, and R'OH. 

Iodine removes sodium from two molecules of sodioacetoacetic 
ester, yielding a derivative of succinic acid and sodium iodide : 


CH 3 — C=CH— COOR 
CH 3 — C=CH— COOR 


CH 3 — C— CH— COOR 


+ 2 Nal. 


CH 3 — C— CH— COOR 


ONa 


O 
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When hydrolyzed by boiling with a solution of potassium car- 
bonate, this compound loses carbon dioxide and yields acetonyl- 
acetone, OH 3 — 00 — OH 2 — CH 2 — CO — CH 3 . 

The entering group does not always attach to carbon when 
sodium is removed from sodioacetoacetic ester. In some cases 
0 derivatives rather than C derivatives of the ester are formed. 
In other cases mixtures of tautomeric forms are produced. The 
solvent often determines the course of the reaction. An acid 
chloride, for example, in pyridine solution forms the O deriva- 
tive, whereas the direct action of an acid chloride on sodio- 
aeetoacetie ester alone, or in absolute alcohol, gives the C 
derivative : 

ONa 

I 

CH 3 — C=CH— COOR + CH 3 — COC1 

— *-CH 3 — CO — CH — COOR or CH 3 — C=CH— COOR 

I I 

CO— ch 3 o— co— ch 3 

(In alcohol) (In pyridine) 

Ammonia and organic bases, such as piperidine and diethyl- 
amine, have been used with success in condensing acetoacetic 
ester with aldehydes and ketones : * 

/CO— CH 3 /CO— CH 3 

CeHs— CHO + CH 2 ’ — ► C 6 H 5 — CH=C 

\cOOC2Hs \cOOC2H5 

Benzaldehyde Acetoacetic ester Benzylidine acetoacetic ester 


MALONIC ESTER 

Malonic ester, CH 2 (C 00 C 2 H 5 ) 2 , is a colorless liquid (b.p. 
198.9°, sp. gr. 1.061 (15°/4°), m.p. — 49.8°). It has an agree- 
able odor, dissolves readily in alcohol or ether, and is only 
slightly soluble in water. A sodium derivative of the ester can 
be obtained by treatment with metallic sodium or with sodium 
ethoxide. This derivative is hydrolyzed by water, the free 
ester being liberated as an insoluble oil. 

Malonic ester is prepared from chloroacetic acid by neutraliz- 
ing the acid with potassium carbonate and heating the salt 


* Ingold, Trans. Chem. Soc., 119, 329 (1921). 
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with potassium cyanide. The cyanoaeetate thus formed is boiled 
with alcohol which is saturated with hydrogen chloride : 

✓CN .COOC2H5 

CH 2 + 2 C2H5OH — *• < 5 h 2 + NH s . 

NsOOH \cOOC2H5 

Cyanoacetic add Diethylmalonate 

(malonic ester) 

A tautomeric shift, resulting in the formation of an enol 
structure, is possible here as in the case of acetoacetic ester. 
A typical malonic ester synthesis is represented in the prepa- 
ration of propionic acid as follows : 

1. Malonic ester is treated with sodium : 


OC 2 H 5 

1 

oc 2 h 5 

oc 2 h 5 

1 

c=o 

C— OH 

1 

C— ONa 

1 

II 

Na 1 

CH 2 ^ 

± CH 

I 

^ CH 

1 

C=0 

1 

c=o 

c=o 

| 

oc 2 h 6 

oc 2 h 5 

j 

oc 2 h 5 


2. The monosodiomalonic ester, dissolved in absolute alcohol, 
is warmed with methyl iodide : 


OC2H5 
C— ONa 

II 

CH + CH 3 I 

c=o 


OC2H5 

I 

c=o 

CHs— CH + Nal. 

I 

c=o 


OC2H5 


OC2H5 


Steps 1 and 2 may be accomplished in one operation by boil- 
ing an alcoholic solution of malonic ester with one equivalent 
of sodium or sodium ethylate and one equivalent of an alkyl 
halide. 

3. The solvent is removed by evaporation, and water is added 
to dissolve the sodium iodide. The methylated malonic ester is 
extracted with ether. After evaporating off the ether the prod- 
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uct is purified by fractional distillation or by any suitable 
method, then it is hydrolyzed by boiling it with an alcoholic 
solution of potassium, hydroxide : 

.COOC 2 H 5 .COOK 

CH 3 • CH + 2KOH — CH 3 - CB. + 2C 2 H 5 OH. 

\cooc 2 h 5 \cook 


4. The free methylmalonic acid is liberated by warming the 
salt with the calculated quantity of sulfuric acid : 

.COOK xCOOH 

CH 3 • CH + H 2 S0 4 — CH 3 • CB. 

\C00K \C00H 


5. One carboxyl group is eliminated by heating the dicar- 
boxylic acid : 


/COOH 

CH 3 • CH + heat 
\C00H 


CH 3 -CH 2 -C00H + C0 2 . 

Propionic acid 


Any compound having two carboxyl groups attached to the 
same carbon atom may be decomposed by heating it above 
its melting point. Carbon dioxide is evolved and one carboxyl 
group is replaced by hydrogen. 

There is no positive evidence that sodiomalonic ester is ac- 
curately represented by an enolic structure. The sodium atom 
may be attached to the central carbon atom and the reaction 
with an alkyl halide may be a simple double decomposition. 
The reactions outlined in paragraphs 1 and 2, p. 408, are often 
written as follows : 

.COOR ^COOR 

CH 2 + Na — *■ NaCH + |H 2 . (1) 

^COOR \X)OR 

xCOOR yCOOR 

CHsI + NaCH — vCH 3 -CH +NaI. (2) 

VlOOR S ' v COOR 
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A second alkyl group may be introduced by treating the 
monoalkyl ester with sodium and an additional alkyl halide. 


yCOOR sCOOR 

CHa-CH +Na— >CH 3 -CNa +|H 2 ; 

\x)OR \C00R 


^COOR 

CH 3 • CNa + C2H5I 
\x>OR 


CH 3 x yCOOR 

c 2 h 5 / C \coor 


By hydrolyzing this compound and expelling carbon dioxide, 
we obtain methylethylacetic acid, 

CH 3v 

>CH-COOH 

C2H5/ 

Malonic ester combines with aldehydes and ketones, yielding 
unsaturated acids : 


/COOC 2 H 5 
RCHO + H 2 C< 

COOC2H5 


RCH= 


/COOC2H5 
=C< -|- H 2 0. 

X COOC 2 H 5 


After hydrolyzing this product the resulting dibasic acid is 
heated to expel carbon dioxide. There remains an unsaturated 
monobasic acid, R • CH : CH • COOH. 

The methylene hydrogen of malonic ester may be replaced 
by chlorine or bromine as well as by sodium. The a-halogen 
acids and a-amino acids have been synthesized by taking ad- 
vantage of this fact. The process may be followed by reference 
to the following outline for the preparation of an a-halogen acid : 

COOC 2 H 5 COOC 2 H 5 

D X TT ® r 2 I 

R— C— H v R—C— Br +HBr; 

COOC2H5 COOC2H5 

COOC 2 H 5 COOH 

■o 1 t) 2H 2 0 I 

R— C-Br — j R-C— Br + 2 C 2 H 6 OH ; 

COOC 2 H 5 COOH 
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COOH 
I heat 

R — C — Br j- R~CHBr— COOH+COs. 


COOH 

A method for preparing amino acids from malonic ester is 
explained on page 399. 

Ethylene bromide and malonic ester, when heated in alcohol 
with sodium ethoxide, yield cyclopropane dicarboxylic ester : 


CH 2 Br /COOR 

I + H 2 C< + 2 C 2 H 5 ONa 

CH 2 Br X COOR 


CH 2v .COOR 

- I >C< + 2 C 2 H 5 OH + 2 NaBr. 

CHS x COOR 


The ester may be hydrolyzed to produce the corresponding 
dibasic acid, and this, in turn, may be converted into a mono- 
basic acid by the application of heat. By a similar process 
cyclic derivatives of trimethylene bromide and of o-xylene di- 
bromide have been made. 

Acetoacetic ester and malonic ester are not the only reagents 
that may be used in syntheses of the types outlined above. 
All 1, 3-diketones share, to some extent, the properties of these 
esters. 



STRUCTURAL REARRANGEMENTS 


There are many types of unimolecular reactions which result 
in the transfer of an atom or a radical from one position to 
another within the molecule. If such a structural change is 
rapidly reversible, we refer to the phenomenon as tautomerism. 
If the reaction is irreversible, we call it a rearrangement. There 
is no sharp boundary between tautomerism and rearrangement.* 


THE HOFMANN REARRANGEMENT OF ACID AMIDES 


An acid amide is converted into an isocyanate by treatment 
with a warm alkaline solution of bromine.f Since isocyanates 
are hydrolyzed rapidly by aqueous alkali, this affords a means of 
converting amides into amines. 

RCONH 2 + Br 2 + 2 KOH — > RNCO + 2 KBr + 2 H 2 0 ; 

RNCO + 2 KOH — > RNH 2 + K 2 C0 3 . 


In the amide the radical, R, is attached to carbon. In the 
isocyanate the same radical is attached to nitrogen. Such a 
shift of a radical from one position to another within a molecule 
is a typical rearrangement. By using acetamide as an example, 
the course of the rearrangement may be outlined as follows: 

The first step is the formation of a bromoamide. 


*0 


CHs — Cf + KOBr 

X NH 2 


ch 3 — of 


0 

SM< 


H + KOH. 
Br 


The second step is not so definitely established. It seems to 
be the elimination of hydrogen bromide and the formation of 
an unstable compound containing univalent nitrogen. 


ch 3 — c/ 


.0 


Nsr^' 


H + KOH 

Br 


ch 3 — c/° 

X N 


+ KBr + H 2 0. 


* For references to the principal papers relating to this class of reactions see 
Porter's " Molecular Rearrangements.” Chemical Catalog Co. 

t For experimental details see Porter, Stewart, and Branch's " Methods of 
Organic Chemistry.” Ginn and Company. 
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The product printed within brackets is purely hypothetical. It 
has never been isolated. 

The third step constitutes the rearrangement. It proceeds 
spontaneously, yielding an isocyanate : 

ch 3 — c/°-^c/° 

X N ^N— CH 3 

In alkaline solution the isocyanate is hydrolyzed to an amine : 
CH 3 — N=C=0 + 2 KOH — *- CH 3 NH 2 + K 2 C0 3 . 

The mechanism outlined above for the rearrangement of an 
amide can be applied to the rearrangements of acid azides, 
hydroxamic acids, oximes, and derivatives of triphenylmethyl- 
amine. 


THE LOSSEN REARRANGEMENT 


In an inert solvent, hydroxylamine acts upon an acid chloride, 
forming a hydroxamic acid or an ester of a hydroxamic acid.* 


R— c/ 


O 


x H 


R— c/° .H 

NX 


OH 


\>-c€ 


.0 

SR 


Hydroxamic acid 


Hydroxamic acid ester 


Lossen discovered that an acyl derivative of a hydroxamic acid 
yields an isocyanate when warmed with an alkali. 


CH 3 - 


aO 

-c< /H 
\n< 

X)COCH 3 


+ NaOH 

— > CHsNCO + CH 3 COONa+ H 2 0. 


The pr eliminar y step in this reaction is probably the elimina- 
tion* of a molecule of acid, in this case acetic acid, and the 
formation of a compound of univalent nitrogen of the type 
mentioned in connection with the Hofmann rearrangement. 

* These compounds display keto-enol tautomerism, and the formulas may be 
written as follows : 

OH OH 

I I xO 

R— C=N— OH and R — C=N — 0 — C\ 

'■'R 

Hydroxamic add Hydroxamic acid ester 
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The hydroxamie acids rearrange when heated. Loss of 
water represents the first stage of the reaction. 


JO 

CH 3— Cf X H - 

X N< 

X)H 

Acethydroxamic acid 


ch 3 — c /° 

X N 


CH 3 NCO. 

Methylisocyanate 


THE STIEGLITZ REARRANGEMENT 


In order to test the theory that rearrangement follows the 
production of a radical containing univalent nitrogen, Stieglitz 
studied compounds of the following types : 

(1) (C 6 H 5 ) 3 CNHOH (3) (C 6 Hs) 3 CNCl 2 

(2) (C 6 H s ) 3 CNHBr ( 4 ) (C 6 H 5 )3CNN 2 


The radical (C6Hs) 3 CN would be formed from (1) by loss 
of water, from (2) by loss of hydrogen bromide, from (3) by 
loss of chlorine, and from ( 4 ) by loss of nitrogen. In each case 
it was anticipated that one of the phenyl groups would migrate 
from carbon to nitrogen, forming benzophenone phenylimide, 
(C0H5) 2C N CeHs. This result was achieved in every in- 
stance. Water was removed from (1) by a dehydrating agent. 
Hydrogen bromide was removed from (2) by an alkali. Heat 
alone caused the rearrangement of (3) and of (4). 



Triphenylmethylhydroxylamine 


c 6 h 5x 

C 6 h 5 > c = n - C6H s + H 2 °. (1) 



Triphenylmethylbromoamine 


C H 

c 6 6 H5 5 > c==n ~ G6H5 + HBr - (2) 


CqR5\ 


c 6 h 5 — ^C— n/ C1 - 
X x ci 
c 6 h 5 / 

Triphenylmethyldichloroamine 


C 6 H 5x 

c 6 h 5 > C =N-C 6 H 5 + CI2 . 


( 3 ) 
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C 6 H5\ 

CeHs-^C— N' 


®\c=N— C 6 H s + N 2 . (4) 


C 6 H 5 / 

Triphenylmethylazide 


THE CURTIUS REARRANGEMENT 

Sodium azide acts upon acid chlorides, in ether solution, form- 
ing acid azides : * 

CHs— c/° + NaN 3 — CH S — c/° /N + NaCl. 

X C1 X N X II 


The acid azides, when heated, yield nitrogen and isocyanates : 

CH 3 — c/° x N — > CH3NCO + N s . 

X N X || 


It is assumed that the elimination of nitrogen precedes the re- 
arrangement. 


THE BECKMANN REARRANGEMENT 

Beckmann replaced the hydroxyl group in benzophenone 
oxime with chlorine through the agency of phosphorus penta- 
chloride, and the chlorine was, in turn, replaced by hydroxyl 
through the action of an alcoholic solution of sodium hydroxide.! 
The resulting product was not the original benzophenone oxime 
but an isomeric compound — benzanilide — identical with the 
product obtained by the action of benzoyl chloride on aniline. 
Beckmann assumed that the alteration in structure was ac- 

* Sodium azide, a colorless crystalline salt, is made by passing nitrous oxide over 
sodium amide : 

NaNH 2 4 N 2 O >-NaN3 4 H 2 0. 

Pure hydrazoic acid, HN3, is unstable. It decomposes into hydrogen and nitrogen. 
A dilute solution of the acid may be obtained by the action of nitrous acid on 
hydrazine hydrate : 

N 2 H 4 • HsO -f HNO 2 ^HN 3 4 3 H 2 O. 

t Beckmann, Ber„ 19, 988 (1886) ; ibid*, 20, 2580 (1887) ; ibid., 27, 300 (1894). 
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complished by an exchange of positions between the atoms or 
groups attached to carbon and nitrogen, and he outlined the 
mechanism of the change as follows : 


C 6 H 5 — C— c 6 h 5 

II 

N— OH 

Benzophenone oxime 
I 


-C 6 H 5 rearrangement 


N— Cl 


C 6 H 5 — C— Cl Na0 H C 6 H 6 — C— OH 


N — C 6 H 5 (C 2 H 5 OH) N — C 6 H 6 

in iv 

hydrogen C 6 H 6 — C=0 
shift | 

>■ nhc 6 h 6 

Benzanilide 

V 

. His theory concerning the course of the reaction was not 
confirmed by experimental evidence, but there remained no 
doubt about the fact that through the action of the reagents 
mentioned the compound of formula I was converted into the 
substance represented by formula V. 

Under the assumption that the rearrangement of an oxime 
is accomplished through an exchange of places between the 
hydroxyl group and a radical on the same side of the molecule 
(cis interchange) stereoisomeric oximes are distinguished from 
each other by application of this reaction. There are, for ex- 
ample, two oximes of phenyltolylketone, 


C 6 H s — C— C 6 H 4 CH 3 


NOH 

1 


c 6 h 5 — c— c 6 h 4 ch 3 

II 

HON 


Each undergoes the Beckmann change when treated with phos- 
phorus pentachloride or acetic anhydride and hydrogen chloride. 
From I, sg/n-tolylphenylketoxime, we obtain benzotoluidide : 


C 6 H 5 • C • C 6 H 4 CH 3 

II 

NOH 


C 6 H 5 • COH 


N • CeH^CHs 


C0H5 • CO 


NH • C 6 H 4 CH 3 
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From II, syra-phenyltolylketoxime, or arafo'-tolylphenylketoxime, 
we obtain toluic anilide : 

C 6 H 5 • C • C 6 H 4 CH 3 HO • C • C 6 H 4 CH 3 

HON C 6 H 5 • N 

OC • CelKCHs 
C 6 H 5 • NH 


Similarly, the two oximes derived from p-methoxybenzophenone, 
CH3O • C6H4 • CO • CeHs, are converted into substituted amides, 
as represented by the equations 


CH 3 0 • C 6 Ht • C - C 6 H 5 

II 

NOH 

S2/w-Phenylanisylketoxime 
(m.p. 137°) 


CHsO • C 6 H 4 • C : 0 

NH • C 6 H s 

Anisic anilide 


CH3O • C 6 H 4 • C • C 6 H 5 
HON 

anta'-Phenylanisylketoxime 
(m.p. 116°) 


CeHs • C : 0 


NH - CeBLt • OCH 3 

Benzoic aniside 


The final product is identified by hydrolysis. Anisic anilide, 
for example, yields anisic acid and aniline, whereas benzoic 
aniside is hydrolyzed to benzoic acid and anisidine. 

The diketone, benzil, CeHs ■ CO • CO • CeHs, yields two mon- 
oximes and three dioximes. The' dioximes are 


CeHs • C C ■ CeHs CsHs • C— C • CsHs 

II II ■ II II 

NOH HON HON NOH 

(a) m.p. 237° <fi) m.p. 207° 


C 8 Hs- 


C C • CsHs 

II II 

NOH NOH 

(•y) m.p. 166° 


When the Beckmann change is induced through the agency of 
phosphorus trichloride or acetyl chloride, the a compound 
yields dibenzylazoxime, through the elimination of water after 
rearrangement has occurred with one of the oxime groups. The 
/? compound yields oxanilide, both groups undergoing the re- 
arrangement, while the y isomer yields benzoylphenylurea. 
These changes are indicated by the following formulas : 
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-C • C s Hj 


C • C 6 H £ C 6 H 5 • C— C • C«H S C,H 6 • C 

I! II II II II II 

NOH HON HON NOH NOH NOH 

I I 


I . 

HO • C— C • OH C 6 H 5 • C • OH 

II II II 

C 6 H 5 • N N • C 6 H 5 N— C • CoH* 


C«H 5 . C • OH 

II 

N — C • CgHfi 

II 

HON | 

I 0 : C— C : 0 

* I I 

C 6 H 6 • C • OH HON CeHfi • HN NH • C 6 H 6 


N- 


-c - c 6 h 6 


Oxanilide 


/°\ 

C«H 6 • C N 

II II 

N C • C«H 5 

Dibenzylazoxime 


NOH 

i 

C 6 H 6 • COH 
II 

N— C • OH 

II 

N • C 8 H5 
T 

C 6 H 5 • C : O 
I 

NH • C : 0 

I 

NH • C 6 H 6 

Benzoylphenylurea 


Mixed aliphatic aromatic ketones do not yield stereoisomeric 
oximes. To account for this it is assumed that the first step in 
oxime formation is an addition reaction: 

OH 

R — CO — Ar + H 2 NOH -+■ R — d — Ar 

H — -N- — OH 


The radicals R and Ar may then orient the H — N — OH group 
in such a way as to insure the elimination of water in one way 
only. When such an oxime is subjected to the action of acetic 
anhydride and hydrogen chloride, it is the aromatic radical that 
migrates. Acetophenone oxime yields acetanilide: 

CH 3 — C— c 6 h 5 ch 3 — CO 

1STOH _ ^ l!jHC 6 H s 

Meisenheimer believes that groups on opposite sides of the 
molecule exchange places ( trans interchange).* This is con- 

* Meisenheimer and Meis, Ber., 57, 289 (1924). Auwers and Jordan, Ber. t 58 , 
26 (1925). Meisenheimer, Lange, and Lamparter, Ann., 444, 94 (1925). 



THE PINACOL REARRANGEMENT 


419 


trary to the view that has been generally accepted. If his 
theory proves to be correct, we must change the structures of 
the isomeric ketoximes, for these structures have been assigned 
to the oximes on the basis of the products formed in Be ckmann 
rearrangements and under the assumption that groups in 
as positions are involved in the reaction. 

Meisenheimer’s theory is supported by the following experi- 
ment. On oxidation with ozone triphenylisoxazole yields a 
benzoylbenzil monoxime : 

C 6 H 5 — C C— C 6 H s C 6 H 5 — C CO— C 6 H S 

N— 0— C— C 6 H 5 N— 0— CO— C 6 Hs 

Triphenylisoxazole Benzoylbenzil monoxime 

In this product the two benzoyl groups ( — CO — CeH 5 ) must be 
on the same side of the molecule (in as positions!, for the two 
CO groups were formed by breaking the double bond in the 
isoxazole. The oxime derived from this benzoyl derivative by 
hydrolysis must have the structure 

C 6 H 5 — C— CO— C 6 H 5 

II 

N— OH 

It rearranges to form an amide in which the CeH s group (not 
the CO — CeHs) is found attached to nitrogen. 

THE PINACOL REARRANGEMENT 

The reduction of acetone results in the production of iso- 
propyl alcohol, CH3 • CHOH • CH3, and a ditertiary alcohol 
known as pinacol. The latter is formed by the union of two 
partially reduced acetone molecules : 

OH 


CHs— C— CH 3 

2 CH 3 • CO • CH 3 + 2 H — *- | 

CH 3 — C— CH 3 

OH 

Pinacol 

Pinacol is a colorless, crystalline substance (m.p. 42°, b.p. 
172°), soluble in hot water, from which, on cooling, it crystal- 
lizes with six molecules of water. When warmed with dilute 
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sulfuric acid or phosphoric acid or even when heated alone, 
pinacol undergoes a rearrangement that gives rise to a colorless 
liquid called pinacolone,* an unsymmetrieal ketone, 

(CH 3 ) 3 C • CO • CH 3 . 

The change involves the migration of a methyl group from one 
carbon atom to another, with concomitant loss of water : 

OH OH 0 

CHaxI I/CH 3 CH S \ II 

>C— C< — >■ CH 3 - 7 C — C — CH 3 + H 2 0. 

ch 3 / x ch 3 ch 3 / 

Many theories have been advanced to account for this change. 
Tiffeneauf assumes that dehydration is the first step in the 
process, the intermediate product being an unstable, unsatu- 
rated body, represented by the formula 


CH 

CH 


0 — 



CH 3 

CH 3 


The second step he maintains is the migration of a methyl 
group from the carbon which retains an oxygen atom to the 
adjacent carbon. 

An intermediate product of the type given above could very 
easily give rise to a substituted ethylene oxide. 


R 

R 


, 0 . 


y—* 


•R 

R 


and in some cases there is evidence of the formation of the oxide. 
The ethylene oxides are very readily hydrated, forming the cor- 
responding glycols, and it is not likely that such oxides would 
appear in aqueous solutions as dehydration products of pinacols. 

Lachman assumes that the first step comprises a shift of 
a hydroxyl group, placing both hydroxyl groups temporarily 
on the same carbon atom. This is followed by migration of 
a methyl group to the position vacated by the hydroxyl group, 

* Pinacol and pinacolone were formerly called pinacone and pinacoline respec- 
tively. 

t Tiffeneau, Ann. chim. et phys., 10 (series 8), 322 (1907). 
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or the two transfers may occur at the same instant. Finally the 
dihydroxy compound loses water, forming the ketone : * 



The bracketed intermediate has never been isolated. 

Michael t has a different theory. It is well known that 
tertiary alcohols are easily dehydrated by dilute mineral acids. 
They yield unsaturated hydrocarbons. In accord with this gen- 
eral behavior a pinacol, being a ditertiary alcohol, should lose 
one or two molecules of water and yield the following products : 

-J>. ch W h ’ 

ch/ \ch, ch/ ^CH, 

I II 

Dimethylisopropenyl carbinol 2,3-Dimethylbutadiene 

Now, 2, 3-dimethylbutadiene is regularly formed as a by- 
product in the pinacol rearrangement, and therefore dehydration 
of pinacol occurs as indicated. In the dimethylisopropenyl car- 
binol (I) it will be observed that the hydroxyl hydrogen and 
the methylene 'carbon are very close together (that is, they are 
in 1, 5 positions; see page 124). Michael points out that the 
spatial arrangement is such that it involves almost no change 
in position for the hydrogen to leave the oxygen and become 
attached to the methylene carbon. This gives rise to an unsatu- 
rated body of the type suggested by Tiffeneau, and migration 
of the methyl group constitutes the last step in the process. 



/CH 3 

CHa — CO — C^-CHs 


* Lachman, J. Am. Chem. Soc 44, 338 (1922). 
t Michael, J. Am. Chem. Soc., 42, 803 (1920). 
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Whatever the mechanism of the pinacol rearrangement may 
be, the example given above is but a single illustration of a very- 
general reaction. Most of the 1, 2-glycols (dihydric alcohols 
with the hydroxyl groups on' adjacent carbon atoms) are readily 
converted into aldehydes or ketones, and this conversion in- 
volves an intramolecular rearrangement. 

Disecondary 1, 2-glycols form ketones through the migration 
of hydrogen and loss of water : 


CH 3 -CHOH-CHOH-CH 3 

— y CH3 — CH2 — CO — CH3 + H2O. ( 1 ) 

C 6 Hs— CHOH— CHOH— CH 3 

— y CrH* — CH2 — CO — CH3 + H2O. ( 2 ) 


In a few instances -an aromatic radical rather than hydrogen 
makes the shift : 

C 6 H 5 — CHOH— CHOH— C 6 H 5 

— * C 6 Hs \cH-CH0 + H 2 0. (3) 
C 6 H 5 / 


An analogous result has not been observed in the aliphatic 
series. An alkyl radical never shifts its position if there is a 
hydrogen atom attached to the same carbon. 


THE BENZIL REARRANGEMENT 

Benzil, a yellow, crystalline diketone, C 6 H 5 • CO • CO • CgHs, 
which melts at 95° and boils with decomposition at 347°, is 
converted by hot aqueous alkali into a salt of benzilic acid : 

CeHs-CO-CO-CeHs ^2 (C 6 H 5 ) 2 C(OH) • COOK. 

No thoroughly tested and satisfactory explanation of the 
change has been offered. For discussions of various theories 
relating to this reaction, the student is directed to papers by 
Nicolet and Pelc,* Michael, f Schroter,t Nef,§ and Lachman.** 

* Nicolet and Pelc, J. Am. Chem. Soc., 43, 935 (1921). 

f Michael, J. Am. Chem. Soc., 42, 787 (1920). 

% Schroter, Ber., 42, 2336 (1909). 

§ Nef, Ann., 298, 372 (1897). 

** Lachman, J. Am. Chem. Soc., 45, 1529 (1923). 
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Hot sulfuric acid converts benzoin into diphenylacetic acid 
and hydrobenzoin into diphenylacetaldehyde : 

C 6 H 5v 

C 6 H 5 — CHOH— CO— C 6 H 5 — >CH— COOH. 

c 6 h 5 / 

Benzoin Diphenylacetic acid 

c 6 h 5x 

C 6 Hs— CHOH— CHOH— C 6 H 5 — ^ >CH— CHO + H 2 0. 

c 6 h 5 / 

Hydrobenzoin Diphenylacetaldehyde 


THE HOFMANN REARRANGEMENT OF SUBSTITUTED 
AROMATIC AMINES 


When monomethylaniline is treated with an acid, in suffi- 
cient quantity to form a salt of the amine, and then heated to 
150°, the methyl group migrates from the nitrogen to the para 
or to the ortho position of the ring. The hydrogen atom occu- 
pying the para or ortho position simultaneously passes to the 
nitrogen.* 


NH0CH3 NH 3 NH 3 



CH 3 


The rearrangement amounts to an exchange of places between 
the para or the ortho hydrogen and the methyl group. The 
mechanism of the reaction may not be quite so simple as this. 
A salt of methyl toluidine, when heated, undergoes the Hof- 
mann rearrangement, yielding xylidine : 


NH 2 CH 3 



(heat) 
>- 



CH 3 


ch 3 


From xylidine, by the same procedure, we may obtain mesidine. 
Phenylhydroxylamine, formed by reduction of nitrobenzene 

* Mixed products are obtained in all rearrangements of this type, but the para 
derivative is usually predominant. 
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in neutral solution, is converted by acids into para-amino- 
phenol : NHOH NH 2 



In this case the hydroxyl group shifts from nitrogen to the para 
carbon, as does the methyl radical in methylaniline. 

Hypochlorites react with aniline and other aromatic amines, 
forming chloroamines. When acidified and warmed, the latter 
are transformed into para and ortho chloroanilines : 



Acetylchloroaniline is stable in neutral solution, but in the 
presence of hydrogen ions it is converted into para-chloro- 
acetanilide. The transformation is catalyzed by light and pro- 
ceeds much faster in alcohol than in water : 


n < 


00CH3 

Cl 



Other groups migrate from nitrogen to carbon, as indicated 
below : 

✓■LNVJ2 

nh 2 

HC1 

3 >- 


/N0 2 

N< 

\ X H 


enylnitramine 

NHNH 2 


(heat) 


HC1 


N0 2 

p-Nitroaniline 

nh 2 


(heat) 


NH 2 

p-Phenylenediamine 


Phenylhydrazine 
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The conversion of diazoaminobenzene into aminoazobenzene 
is a typical example of this rearrangement. It is accomplished 
by warming a solution or aqueous suspension of the compound 
with a little aniline hydrochloride: 

— N =N — NH — 


a 


b 


N=N- 


b a 

The portion of the molecule marked a migrates to the para 
position of the ring in the aniline residue marked b. 

The benzidine change consists of two rearrangements brought 
about by warming hydrazobenzene with hydrochloric acid. 
The first shift gives rise to semidine, and the final readjustment 
produces benzidine. In each case a group migrates from the 
nitrogen of an aromatic amine to the para carbon atom (see 
page 214). 

THE WALDEN INVERSION 

An optically active compound is racemized usually by heat 
alone or by boiling with an acid or alkali. From the racemic 
mixture the dextro and lsevo forms may be isolated by the 
methods outlined under stereoisomerism. (See pp. 45 and 133.) 

In 1895 Walden prepared d-chlorosueeinic acid from £-chloro- 
succinic acid without racemization. The change was accom- 
plished by replacing the chlorine atom by a hydroxyl group 
through the agency of silver hydroxide, then replacing the 
hydroxyl group by chlorine through the action of phosphorus 
pentachloride : 


COOH 

COOH 

COOH 

| 

CHC1 AgOH 

| 

CHOH 

i 

PC1 6 CHC1 

— y- | 

1 ^ 

ch 2 

-O- 

ch 2 

1 

I 

COOH 

COOH 

COOH 

Z-Chlorosuccinic acid 

i-Malic acid 

d-Chlorosuccinic acid 


Somewhere in the process outlined by these formulas a change 
in structure occurs. Either the hydroxyl group fails to take 
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the position previously occupied by chlorine, or the phosphorus 
pentachloride fails to introduce chlorine in the position occu- 
pied by the replaced hydroxyl. The fact that the sign of the 
optical rotation changes as a result of the second reaction does 
not imply that the change in positions of the groups around 
the asymmetric carbon atom occurs also in this step, for there 
is no reason to assume that hydroxy and chlorine compounds 
of like structure should have similar optical properties. But 
when the hydroxyl group is replaced by chlorine, regenerating 
chlorosuccinic acid, one would expect to find either racemization 
or a restoration of the original optical properties. The product 
actually obtained is the mirror image of the original substance, 
and therefore, somewhere along the line, an inversion occurs. 

Silver hydroxide acts upon d-chlorosuccinie acid, converting 
it into dknalic acid, which in turn yields Z-chlorosuccinic acid. 
We have, therefore, a complete cycle : 


COOH • CHC1 • ch 2 ■ coon 

^Chlorosuccinic acid 

" PClfi 

COOH • CHOH - CH 2 * COOH 

d-M&lic acid 


AgOH 
> 


AgOH 
<= 


COOH ■ CHOH • CH 2 ■ COOH 

Z-Malic acid 

PC1 6 

v f 

COOH • CHC1 * CH 2 * COOH 

d-Chlorosuccinic acid 


If potassium hydroxide be substituted for silver hydroxide, 
a different malie acid is produced : 


KOH 

J-Chlorosuccinic acid f t ' d-Matio acid 

PC1 5 


Walden’s experiments * revealed the fact that the weak bases 
Ag20, TlOH, HgO, Hg20, and PdO substitute hydroxyl for 
chlorine in chlorosuccinic acid without change of sign ; that is 
to say, they convert /-chlorosuccinic acid into Z-malic acid. The 
stronger bases, RbOH, KOH, NH4OH, Ba(OH) 2 , NaOH, and 
LiOH, convert chlorosuccinic acid into malic acid of opposite 
sign. A reaction which involves no change in configuration is 
said to be normal, and one that is accompanied by a rearrange- 
ment of the groups attached to the asymmetric carbon atom 
is designated abnormal, but since at least two reactions are 


♦Walden, Ber., 32, 1833 (1899). 
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required to change a compound to its optical enantiomorph, it 
is difficult, if not impossible, to decide which reaction actually 
produces the structural modification. Fischer sought to settle 
the question by comparisons of the following type. 

Ammonia acts the same way on bromopropionic acid and on 
its esters, producing no change of sign in either case. Nitrosyl 
bromide, on the other hand, causes a change in the sign of 
rotation when it acts upon a free amino acid, but no change 
when it acts upon an ester of the same acid : 


ch 3 -chnh 2 -cooh 

NOBr 
>- 

d-Alanine 


ch 3 -chnh 2 -coor 

NOBr 

y 

d-Alanine ester 


CH 3 - CHBr- COOH 

nh 3 



d-Bromopropionic acid 


CH 3 - CHBr -COOR 

nh 3 

y. 

d-Bromopropionic ester 



CH 3 • CHBr • COOH 

Z-Bromopropionic acid 

CH 3 • CHBr • COOR 

d-Bromopropionic ester 

CH 3 -CHNH 2 -COOH 

d-Alanine 

CH 3 -CHNH 2 -COOR 

d - Alanine ester 


He concluded, therefore, that ammonia acts normally, that is, 
without change in configuration. Phosphorus pentachloride 
would be regarded as acting normally, for it gives similar re- 
sults with acids and all derivatives of the acids, and in all sol- 
vents. In the case of chlorosuccinic and malic acids cited above, 
Fischer concluded that the change in configuration was caused 
by silver hydroxide, although it produced dextromalic acid 
from dextrochlorosuccinic acid, and that phosphorus penta- 
chloride acted without change in structure, the reversal of the 
sign of rotation being due entirely to substitution of chlorine 
for hydroxyl. 

That a change in sign may be produced without altering 
the relative positions of groups attached to an asymmetric 
carbon atom, but merely by making a change in the composi- 
tion of one of them, is proved by the fact that dextrorotatory 
amyl alcohol yields a laevorotatory ester : 

CH ->/ H 

C2H5/ X CH 2 OH 

Amyl alcohol (dextro) Amyl acetate (lsevo) 


CH, 

C 2 H 6 


>< 


H 2 OCOCH 3 
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Most of the a-amino acids and some /3-amino acids, like 
the a-halogen acids, are susceptible to the Walden inversion. 
Methylphenyl carbinol also undergoes inversion. 


C 6 H5 Xc /H 

ch 3 / Ndh 

soci 2 CsH5 ' 

CH3' 

(dextro) 


jAgsO 


CeH 5V /H 
>C< 

ch 3 / X C 1 

(laevo) 

SOCl 2 ° 6H5 

CH3 


X /H 

><c. 

(dextro) 

jAgaO 

Xo„ 

(lsevo) 


Werner and Stark assume that the first step in a substitu- 
tion process involving a Walden inversion is the formation 
of an addition product. Potassium hydroxide, for example, 
acting upon bromopropionic acid, is supposed to attach itself 
to the asymmetric atom, through residual valence, at some place 
between the four' groups satisfying the primary valences of 
the carbon. Potassium bromide is then eliminated. At the 
moment when the halogen is released from the carbon atom 
there are two possibilities : (1) the hydroxyl group may take 
the place of the bromine, or (2) it may retain its intermediate 
position, causing the three remaining groups to shift into new 
positions to reestablish the tetrahedral symmetry of the molecule. 

If all molecules behave according to (1), there is no inversion. 
If all react as indicated in (2), there is total inversion. If half 
of the molecules react as in (1) and half as in (2), a racemic 
mixture is produced. Partial racemization always occurs in 
these reactions, so that any explanation of inversion must pre- 
sent two possible mechanisms. 
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From analytical data the simplest empirical formula of a com- 
pound may be calculated. The relative weights of the elements 
found in a compound divided by their respective atomic weights 
must give the numerical ratios in which the atoms of the different 
elements exist in the molecule. A substance, for example, has the 
composition: carbon, 40 per cent; hydrogen, 6.6 per cent; oxygen, 
53.3 per cent. The atoms of carbon, hydrogen, and oxygen in the 


molecule must be associated in the ratio 


40.0 . 6A 3 . 53.3 
12 * 1 ‘ 16 


or 3.3 to 


6.6 


to 3.3. Since, from the law of multiple proportion, we conclude that 
molecules do not contain fractional parts of atoms we must express 
these ratios in whole numbers. The smallest whole numbers repre- 
senting these relative values are 1:2:1 and hence the simplest em- 
pirical formula for the compound is CH 2 0. The same ratios are 
expressed, however, by the formulas C 2 H 4 0 2 , C 3 H c 0 8 , C 6 Hi 2 0 6 , or, 
in general, CJELnOn. All of these formulas correspond to the com- 
position indicated above. In order to determine which formula 
should be assigned to the substance under investigation we must 
know its molecular weight. Formaldehyde (mol. wt. 30) has the 
formula CH s O. Acetic acid (mol. wt. 60) has the formula C 2 H 4 0 2 . 
Lactic acid is C«H ( jO a and glucose is C 6 H 12 0 6 . The best methods for 
estimating molecular weights are based upon the gas laws and upon 
principles relating to the properties of solutions. 


Molecular Weights from Properties of Gases 

Vapor density methods are usually employed in determining the 
molecular weights of all compounds that vaporize without decom- 
position. According to Avagadro’s law, equal volumes of all gases 
at the same temperature and pressure contain the same number of 
molecules. In other words the molecular weights of all gases under 
identical conditions of temperature and pressure occupy the same 
volume. At 0°C. and 760 mm. pressure the gram molecular volume 
is 22.4 liters. The molecular weight of a substance is, therefore, the 
weight of 22.4 liters of its vapor under standard conditions. 
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A convenient formula for calculating 1 molecular weights may be 
derived from the gas laws as follows : 

Begin with one mol of gas occupying volume v at pressure p and 
temperature T. Suppose the pressure is changed from p to p ; the 
volume will change to some new value V. From Boyle’s law 


pv — p'V and (1) 

p 

Now, keeping the pressure constant at p , let the temperature be 
changed to T\ The volume will again be changed ; this time from 
V to v ; and from Charles’s law 


V v T7 v'T. 
or V=z ~r 7f 


( 2 ) 


equating the equal values of V in (1) and (2) we have 


pv_v'T 

p r * 


(3) 


Multiplying both sides of this equation by p and dividing by T we 
obtain the equation 

m = (a) 

T T' ^ 


That is to say, the value of ^ is a constant quantity. The gas con- 
stant is usually represented by R and the equation is written 

^ = R or pv=RT. (5) 

Substituting for T the absolute temperature, for p the pressure 
in atmospheres, and for v the volume in liters occupied by a mol of 
gas under these conditions, we obtain the numerical value 0.082 for 
the constant R * 

To make the equation general, an additional factor must be in- 
troduced, namely, n, the number of mols or the fractional part of 
a mol measured. The expression then becomes 

pv = nRT. (6) 


* The numerical value of the gas constant, R y depends upon the units employed in 
pressure and volume measurements. 


p 

V 

m 

R 

atmospheres 

liters 

0.0821 

atmospheres 

cc. 

82.1 

mm. Hg. 

cc. 

62360 

dynes /cm. 2 

cc. 

8.31 X10 7 


One calorie is equivalent to 4.18 X 10 7 ergs ; hence in units of heat capacity 
8 31 

R — = 1.99 cals, or, approximately, 2. 
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We may substitute for n the ratio ~ in which W is the weight of 
the gas measured and M its molecular weight. 


= or 

M pv 


Many practical methods for determining the values required in 
this equation have been devised. In dealing with the permanent 
gases it is only necessary to 
weigh an evacuated flask of 
known volume and weigh again 
after filling it with the gas at 
atmospheric pressure and room 
temperature. For volatile liq- 
uids the Victor Meyer method 
is convenient but lacks preci- 
sion. A weighed sample of the 
liquid under investigation is 
sealed in a small glass bulb, G 
(Fig. 1), which rests on a rod, 

E, in the upper end of a long 
glass tube, A . An air-tight rub- 
ber connection is made between 
the rod E and the side arm of 
the tube. The tube A is heated 
to a temperature above the boil- 
ing point of the sample in G by 
the vapor of a liquid which is 
kept boiling in the outer jacket 
B. After the tube A has ac- 
quired the temperature of the 
vapor bath surrounding it, an 
air-tight stopper is inserted in 
the top of tube A , then the 
sample is dropped from the detent by pulling out on the rod E . 
The rubber connection stretches enough to let the bulb fall. On 
striking the bottom of A the capillary end of the bulb is broken 
and the sample immediately vaporizes forcing an equivalent volume 
of air into the eudiometer D, which at the beginning of the experi- 
ment is filled with water. Since all gases have practically the same 
coefficient of expansion the volume of air received by the eudiometer 
represents the volume that the weighed sample would occupy if it 
could exist as a vapor at the temperature of the room under atmos- 
pheric pressure. The variables P, W, and T are fixed in advance by 
the conditions of the experiment and V is measured. 
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According to the method of Chapin a weighed sample is evap- 
orated in an apparatus of known volume and the change in pressure 
is measured. 1 

The temperature, T, is the variable measured in the method 2 rep- 
resented in Fig. 2. The volume of the glass bulb A from the capil- 
lary at C to the point marked E is accurately determined. Platinum 
wires are sealed into the stem of the bulb at E and F. These wires 
are connected with the poles of a battery, B, through the relay R. 
Mercury is poured into the reservoir G until the surface of the 

mercury makes contact with 
the platinum point at E. A 
small thin walled glass bulb 
containing a weighed sample 
of the liquid is introduced 
into A. A short glass tube 
with one end ground to fit 
the neck of the flask and the 
other end drawn out to a 
capillary is connected by 
means of heavy rubber tub- 
ing to the upper end of A. 
By means of compressed air 
mercury is forced from the 
Fig. 2 reservoir into A until it rises 

to the top of the capillary 
at C . The end of the capillary is then sealed. The oil bath sur- 
rounding A is heated by means of an electric current passing 
through coils of nichrom wire. The current is turned on and off 
automatically through the operation of the relay R. The capillary 
end of the sample tube is broken off by bending the rubber joint 
at D and the sample is thereby released on the surface of the mer- 
cury. As the specimen vaporizes mercury is forced back into the 
reservoir. The temperature of the bath is raised until the vapor 
fills the bulb to the point E. The break in contact between the mer- 
cury and the platinum point is indicated by the relay, and at the 
same time the current is turned off from the heating coils, H , in the 
oil bath. Due to a lag in the temperature of the vapor, the mer- 
cury level continues to fall for a short time after the heat is turned 
off ; but as the oil bath cools the mercury rises. When contact with 
the platinum is made again the heat is turned on automatically, 
and within fifteen or twenty minutes the "make and break” of 
contact correspond to changes of only one or two tenths of a degree 



1 Chapin, J. Phys. Chem., 22, 337 (1918). 

2 Porter, J. Am. Chem . Soc., 34, 1290 (1912). 
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in the temperature of the oil bath. The mercury now stands at the 
same level in both sides of the apparatus, and the temperature at 
which the known weight of substance fills a given volume at atmos- 
pheric pressure is observed. 

Molecular Weights from Properties of Solutions 

Many compounds decompose when heated and cannot be obtained 
in the vapor state. Methods based upon the gas law cannot be used 
in such cases. Raoult’s discovery that the lowering of the vapor 
pressure of a solvent by a dissolved substance is determined by the 
relative number of molecules of solute and of solvent in any solution, 
and is independent of the mass of the dissolved molecule, gives a 
means of estimating the molecular weight of a dissolved substance 
by vapor pressure measurement or by the measurement of any defi- 
nite function of the change in vapor pressure such as osmotic pres- 
sure, freezing point lowering, or elevation of boiling point. 

VAPOR PRESSURE 

The vapor pressure of pure water at 20° is sufficient to support a 
column of mercury 17.36 mm. high. In a solution containing one 
mol of sugar and seventy mols of water the mol fraction of water is 
70/71 and the vapor pressure of the solution at 20° is 
70/71x 17.36 = 17.11 mm. 

The vapor pressure of the solvent is proportional to its mol fraction 
in the solution. The lowering of the vapor pressure (in this case 
1/71 of the original value) is proportional to the mol fraction of the 

solute. In general terms Raoult’s law is written ^ ^ = — 

p 0 N + n 

where p 0 and p are the vapor pressures of the pure solvent and of 
the solution respectively, N is the number of mols of the solvent, and 
n is the number of mols of the solute. Or p = p 0 X 0 if X 0 is the mol 
fraction of the solvent in the solution. In the pure solvent JV 0 = 1. 

In very dilute solutions n + N does not differ appreciably from N ; 
and, representing p 0 - p by the symbol A p, we have 

Ap _ n 
Po N 

BOILING POINT AND FREEZING POINT 

The curve BC (Fig. 3) represents the vapor pressure of a pure 
liquid between its freezing point and boiling point. The vapor pres- 
sure of the solid phase is indicated by AB. The curve DE repre- 
sents the vapor pressure of a solution. As the temperature rises the 
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vapor pressure of the pure solvent or of any solution increases until 
it reaches a value equal to atmospheric pressure. The liquid then 
boils at constant temperature. Boiling point may be defined as the 
temperature at which the vapor pressure of the liquid is equal 

to the pressure of 
the atmosphere rest- 
ing upon its surface. 
The freezing point is 
the temperature at 
which the liquid and 
solid phases have the 
same vapor pressure. 
Since the vapor pres- 
sure of a solvent is 
lowered by dissolved 
molecules, the boil- 
ing point of a solution 
must be higher and the freezing point lower than the corresponding 
points for the pure solvent. The elevation of the boiling point or 
depression of the freezing point is represented by the symbol A t. 

When one mol of any substance, which does not dissociate nor asso- 
ciate in solution, is dissolved in 1000 grams of water the freezing 
point is lowered 1.86° and the boiling point is elevated 0.52°. For 

any quantity of solute in 1000 grams of water A£ = 1.86 if W 

is the weight of dissolved substance and M its molecular weight. 
Representing the weight of water used by G, an additional factor, 

may be introduced to indicate the effect of changing the con- 
centration of the solution by varying the amount of solvent used. 



Then At = lMxE x m. 

M ■ G 

Substituting K for the product of the two constants, 


M= 


KW 

G/\t 


Values of k for Various Solvents 


Solvent 

F. P. Const. 

B. P. Const. 

Water 

1863 

620 

Acetic acid 

3860 

260 

Benzene 

6000 

328 

Ether 

— 

300 
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It will be observed that K is the theoretical value of At for a solu- 
tion containing one mol of solute per gram of solvent. K may be 
calculated from the heat of vaporization, L, and the absolute 
temperature, T, at which the solvent is vaporized, or from the heat of 
fusion, L, and the temperature, T, at which the pure solvent melts : 


Thus for water, 


and 


K= 


RT 2 


&= 2*jp, 1863 . 


A definite relationship existing between changes in boiling point 
and molal concentration of a solution is expressed in the equation 


or 


At = 


RT 2 


n 


L N+n 
At = kx. 


In this equation L is the heat of vaporization or heat of fusion of 
one mol (not one gram) of the solvent; hence k is equal to K 
(page 434) divided by the molecular weight of the solvent, and x is 
the mol fraction of the solute. 


Values of k for Various Solvents 


Solvent 

F. P. Const. 

B. P. Const. 

Water 

104 

29 

Acetic acid 

64.3 

4.3 

Benzene 

64.1 

4.2 

Ether 

— 

4.1 


OSMOTIC PRESSURE 

The osmotic pressure of a solution is definitely related to the low- 
ering of the vapor pressure caused by the dissolved substance. 
Therefore, the mol fraction of a solute and its molecular weight 
may be determined from osmotic pressure measurements. 

If in an inclosed space (Fig. 4) a solution, l , be separated from the 
pure solvent, s , by means of a semi-permeable membrane m, pure 
solvent will pass through the membrane in one direction or the 
other until equilibrium is reached, that is, until the solution has 
such concentration that its osmotic pressure is exactly equal to the 
weight of the column of solvent supported. Let the height of this 
column be h . Now, the vapor pressure of the solution, Z, must be 
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exactly equal to the pressure of the vapor of the pure solvent in the 
saturated atmosphere at the same level ; that is, at the distance h 

above the surface of the sol- 
vent. Any inequality in these 
values would result in perpetual 
motion, the solvent continually 
moving through the membrane 
in one direction with a cor- 
responding movement of the 
vapor in the opposite way. The 
difference between the vapor 
pressure of the solvent and solu- 
tion corresponds, therefore, to 
the difference between the pres- 
sures of the vapor of the sol- 
vent at the levels of the two 
liquid surfaces h cm. apart. The 
change in pressure, dp, corre- 
sponding to a small change in 
elevation above the surface of 
the solvent is determined by 
the density, D , of the vapor in that region and the magnitude of 
the change in altitude, dh : 

dp = Ddh. (1) 



WRT 

From the gas laws we have pv = — (p. 465) ; 


M 


then 

But 

hence 


-*-m and E-&- 


M 

W 


v 


P = : 


RTD 
1 If 


RT 

= D, the density of the vapor ; 
and D- 


Substituting this value of D in (1), 

dp = RT dh 0r f = JRJ’ dh - 


( 2 ) 

(3) 


(4) 


(5) 


Integrating between the values of p 0 and p, the vapor pressures 
of the solvent and solution respectively, 

rJh-Mh 


los t=%r 


( 6 )* 


We now have the height of the column of solvent in terms of the 
molecular weight, M, of the solvent, the temperature, T , and the 

* Natural logarithms. 
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vapor pressures of solvent and solution. The osmotic pressure, P os , 
is equal to the height of the column, h, multiplied by the density, 
D 0 , of the solvent. 

Pos = hD 0 . 

Then = (7) 

This equation is quite exact over any range of concentration if the 
vapor of the solvent obeys the gas law. 

According to Raoult's law, 

l0g ? = l0g ^N i = l0g (f +1 )- 

Expanding this into a powers series, 



In dilute solutions — is a small fraction and the higher powers of 

the fraction become negligible. Assuming that all terms except the 
first may be neglected for dilute solutions, we have 

p — RTDp n_ 

08 M ' N 


The product, MAT, is the weight of the solvent (mol. wt. times the 
number of mols) and D 0 is its density. 


therefore 


Do = 1 
MN V 0 


and P 03 = ^> (8) 

V 0 

where V 0 is the volume of the pure solvent. This is the well-known 
Morse and Fraser equation. By making one more approximation, 
namely, that the solvent and solution have the same density, which 
is true only at infinite dilution, we obtain the van't Hoff equation, 


Pos = 


nRT 

~v~’ 


( 9 ) 


in which V is the volume of the solution. 

Van't Hoff developed the equation in an empirical way from 
observations leading to the conclusion that dissolved substances 
obey the gas laws. It is true that the osmotic pressure of a dilute 
solution varies as the absolute temperature (Charles' law) and is 
proportional to the number of mols of solute per unit volume 
(Boyle's law), but the nature of osmotic pressure is totally different 
from that of an effect produced by the bombardment of the walls 
of a vessel by gas molecules. 
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It must be remembered that the methods given above for molec- 
ular-weight determinations are based upon the assumption that the 
vapors obey the gas laws, and that solutions act in accord with 
Raoult’s law. In actual experience a perfect gas is never found ,* 
and a solution that shows no deviations from the laws of perfect 
solutions is never encountered. Hence, molecular-weight determi- 
nations are inexact. In most cases, however, such determinations 
are used as a basis for deciding whether a compound should be 
represented by its simplest empirical formula or some multiple of 
this value. The methods are good enough to serve this purpose. 



QUESTIONS AND PROBLEMS 


1. The formula for methane is CH 4 . Calculate the weight of 1 liter of 
the gas at 0° C. and 760 mm. 

2. From the formula of ethane calculate the weight of 1 liter of the gas 
at 0° and 760 mm. and at 30° and 680 mm. 

3. Calculate the volume of 15 g. of ethane at 40° and 640 mm. 

4. A compound is 24 per cent carbon ; what is the lowest possible molecu- 
lar weight the compound can have? 

5. A compound composed of hydrogen and carbon was oxidized by heat- 
ing it with copper oxide. The hydrogen of the compound was converted 
into water and the carbon into carbon dioxide. From the following data 
calculate the percentage of each element in the compound : 


Weight of sample • • • 0-40 g. 

Weight of water formed 0.90 g. 

Weight of carbon dioxide 1.10 g. 


6. A substance composed of carbon, hydrogen, and oxygen was analyzed. 
From the following data calculate its composition : 


Weight of sample 0.2046 g. 

Weight of water formed 0.1255 g. 

Weight of carbon dioxide 0.2985 g. 


7. Assuming that the compound referred to in problem 6 has a molecular 
weight of 210, write its molecular formula. 

8. Write the simplest formula that represents a compound having the 
following composition : 

Carbon 40.00% 

Hydrogen 6.66% 

Oxygen 58.33 % 


9. If the compound referred to in problem 8 has a molecular weight of 
180, what is its molecular formula? 

10. A compound has the following composition : 

Carbon 62.05% 

Hydrogen 10.35% 

Oxygen 27.60% 

At 20° and 760 mm. 1.12 liters of its vapor weighs 2.7 g. Write the formula 
of the compound. (See Appendix for methods of determining molecular 
weights.) 

11. A sample of a substance weighing 0.304 g. gave upon combustion 
0.430 g. of carbon dioxide and 0.2626 g. of water. The sulfur in a sample of 
the same substance was converted into barium sulfate, and 0.246 g. of the 
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■ substance gave 0.924 g. of barium sulfate. What is the empirical formula 
of the substance? 

12. How many cubic centimeters of nitrogen measured at 30° and 740 mm. 
may be obtained from 0.152 g. of a compound having the molecular formula 
C 6 H 7 N? 

13. A compound which contained nitrogen was analyzed with the follow- 
ing results : 0.728 g. of the substance gave 68 cc. of nitrogen measured at 20° 
and 750 mm. pressure. Calculate the percentage of nitrogen in the compound. 

14. When 1.50 g. of a substance was dissolved in 40 g. of water, the freez- 
ing point was lowered 0.11°. Calculate the molecular weight of the com- 
pound. 

15. A hydrocarbon was analyzed with the following results : 


Weight of sample 0.280 g. 

Weight of carbon dioxide produced .... 0.880 g. 
Weight of water formed 0.360 g. 


The vapor density of the compound was measured by the Victor Meyer 
method. A sample weighing 0.1470 g. displaced 43.2 cc. of air measured at 
20° and 740 mm. Write its molecular formula. (See Appendix for the 
Victor Meyer method of determining molecular weights.) 

16. A compound of carbon and hydrogen was analyzed with the following 
results : 0.420 g. of the substance gave 1.320 g. of CO 2 and 0.540 g. of H 2 O. 
In a determination of the molecular weight by the Victor Meyer method 
0.337 g. of the vaporized substance displaced 100 cc. of air at 20° and 740 mm. 
pressure. Calculate the molecular formula of the substance. 

17. List the following gases in the order of increasing density: C 2 H 0 , CO, 
NH 3 , CH 4 , C 2 H 2 . What is the weight of 22.4 liters of each of these gases 
at 0° C. and 760 mm. ? 

18. Is a mixture of air and gasoline vapor heavier or lighter than air alone? 
What is the basis of your conclusion ? 

19. Write the structural formulas of the hydrocarbons of the composition 
C 5 H 10 . Name each as a derivative of ethylene. 

20. Outline methods for detecting the presence of carbon and hydrogen 
in organic compounds. Explain each test. 

21. Outline qualitative tests for sulfur and nitrogen in organic compounds. 
How are the same elements estimated quantitatively? 

22. A mixture of oxygen and ethane at 20° measured 110 cc. The mixture 
was exploded by means of an electric spark. After the products cooled to 
room temperature, the volume was 60 cc. After the carbon dioxide had been 
removed by treatment with potassium hydroxide solution, the residual gas, 
which was oxygen, occupied 20 cc. Find the percentage of ethane in the 
original mixture. 

% 

23. What volume of pure oxygen is required to burn 1 liter of ethane? 

24. What weight of oxygen is required to burn 10 g. of ethane? 

25. What volume of air is required to burn 1 liter of me than e? What 
volume of carbon dioxide would be formed? Assume that the methane, air, 
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and carbon dioxide are measured under the same conditions of temperature 
and pressure. 

26. A mixture of hydrogen, nitrogen, and methane was exploded with a 
measured volume of oxygen. The residual gas was shaken with a saturated 
solution of potassium hydroxide. All gas measurements were made under 
atmospheric pressure and at a constant temperature. From the following 
data calculate the percentages, by volume, of the three gases in the original 
mixture : 

Volume of mixed gases 40 cc. 

Volume of oxygen added 80 cc. 

Volume after explosion 56 cc. 

Volume after absorption of carbon dioxide by a solution 
of potassium hydroxide 36 cc. 

27. Devise a means of estimating the quantity of each gas present in a 
mixture of methane, nitrogen, and carbon dioxide. 

28. How could you determine the percentage by volume of each gas in 
mixtures of (a) ethylene and ethane ? (6) methane, ethylene, and nitrogen ? 

29. How could you distinguish from one another (a) propane, propene, 
and propine? (6) ethylacetyl ene and dimethylacetylene ? 

30. How would you estimate the quantity of ethane, ethylene, and acety- 
lene in a mixture of the three gases ? 

31. Write a graphic formula for each of three compounds having the 
formula C 4 H 8 . 

32. Write the structural formulas of the hexanes, and name them. 

33. Calculate the heats of formation (a) of propane, ( b ) of propylene, (c) of 
acetylene. 

34. Write structural formulas for the products formed when ethylene re- 
acts (a) with Br 2 , ( b ) with H 2 S0 4 , (c) with HI, (d) with HOC1. 

35. A hydrocarbon gas combines directly with an equal volume of chlorine 
gas. The addition product has a molecular weight of 127. What is the 
molecular formula of the original gas ? 

36. Write the formulas of the monobromopropanes, and name them. 

37. How would you estimate the quantity of alcohol in a mixture of ethyl 
alcohol and hexane ? 

38. A saturated alcohol having the formula C 3 H 8 03 is converted by acetyl 
chloride into a compound having the formula CqHhOg. Write a structural 
formula for each of these compounds. 

39. Write structural formulas for all alcohols having the formula C 5 HhOH. 
Name each as a derivative of methyl alcohol (carbinol). 

40. Write the structural formulas of the amyl alcohols, and name each ac- 
cording to the Geneva system. 

41. Two grams of a monohydric alcohol, when treated with metallic 
sodium, liberated 374 cc. of hydrogen gas at standard conditions. What is 
the molecular weight of the alcohol ? 
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42. How could you distinguish by chemical tests (a) ethyl alcohol and 
hexane? (5) ethyl alcohol and methyl alcohol? (c) tertiary butyl alcohol 
and acetone? ( d ) isoamyl alcohol and isopropyl alcohol? 

43. Write equations for reactions by which propylene glycol can be pre- 
pared from propylene. 

44. What volume of ethylene, at 25° and 760 mm. pressure, should be 
obtained from 2 lb. of 95 per cent alcohol? 

45. Outline a method for the separation of n-hexane and methyl alcohol. 

46. Write an equation representing a reaction of tt-butyl alcohol with 
acetyl chloride. 

47. Write the structural formulas of the hexyl alcohols, and name each. 

48. Write the formulas for the possible heptanols. 

49. Show how propylene glycol, CH3 — CHOH — CH2OH, may be made 
from propyl alcohol. 

50. How would you accomplish the complete removal of water and al- 
cohol from ether ? 

51. A mixture of alcohol and concentrated H2SO4 contains ethyl sulfuric 
acid. How could you employ this mixture to prepare (a) ethylene? (6) ether ? 
How do the experimental conditions differ in the two cases ? Write equations 
for both processes. 

52. How would you prepare ethylene from CH3CH2OH? from CH3CH2I? 
from CH 2 BrCH 2 Br ? How would you prepare each of these compounds from 
ethylene? 

53. Calculate the weight of ethyl bromide that may be prepared from 
60 g. of alcohol through the agency of phosphorus tribromide. 

54. Write equations for reactions of ethyl alcohol with (a) H 2 S 0 4 , 
(6) CH3COCI, (c) Na, ( d ) PCI3. 

55. Write the graphic formulas of the alcohols having the composition 
CeHi 3 OH. Which of these alcohols contain an asymmetric carbon atom? 

56. How would you separate and identify the components of a mixture of 
ammonium chloride and methylamine hydrochloride? 

57. What compounds exist in a dilute water solution of ethylamine and 
acetic acid ? 

58. Outline a method for making trimethylbutylammonium hydroxide. 

59. Two compounds have the formula C 2 H 5 N0 2 . On reduction one yields 
an alcohol and the other an amine. Assign to each a graphic formula. 

60. What volume of nitrogen gas, under standard conditions, would be 
evolved if 3 g. of methyl ammonium nitrate were treated with nitrous 
acid? 

61. Two compounds have the formula C3H9N. Nitrous acid converts 
one of them into C 3 H 8 0 and the other into C 3 HsN 2 0. Write a graphic 
formula for each of the four compounds. 

62. A yield of 12 g. of acetone was obtained in the dry distillation of 
65 g. of calcium acetate. What percentage is this of the theoretical yield ? 
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63. A sample of a mixture of alcohol and acetaldehyde weighing 0.30 g. 
precipitated 0.75 g. of cuprous oxide from Fehling’s solution. What was the 
percentage of aldehyde in the mixture ? 

64. Write the formulas for the phenylhydrazones of propionaldehyde and 
butyraldehyde. 

65. Show by what chemical reactions the following groupings of atoms can 
be obtained: (a) RCH : CHBr, (6) R 2 CBr 2 , (c) R • 0 • R, (d) R — CO — R. 

66. An organic substance with the empirical formula C 4 Hi 0 O was con- 
verted by PCls into C4H9CL The original substance was changed by K 2 Cr 2 07 
and H2SO4 into a ketone, C4H8O. What was the substance? Write equa- 
tions to represent all the reactions involved in the identification. 

67. Starting with w-butyl magnesium bromide, outline the preparation of 
dimethyl ?i-butyl carbinol. 

68. Starting with acetone, show by equations how the following may be 
made: (a) (CH 3 ) 2 C 2 H 5 • COH, ( b ) CH 3 CBr : CH 2 , (c) (CH 3 ) 2 C : CH 2 . 

69. Show how you could separate the components of the following mix- 
tures without the use of distillation : 

(a) C5H11CHO and C 6 Hi 4 , 

(&) (CH 3 ) 2 CO and C 2 H 5 OH, 

(c) (C 2 H 5 ) 2 0 and CH 3 COC 2 H 5 . 

70. Acetic acid is only about 1 per cent ionized in a 0.1 N solution, yet a 
gram-molecule of acetic acid is capable of neutralizing as much alkali as is 
a gram-molecule of hydrochloric acid which is completely ionized under the 
same conditions. Explain. 

71. A substance with molecular weight 62 reacts with acetyl chloride to 
form hydrochloric acid and a liquid which on purification proves to have the 
molecular formula CgHiqO*. Write the structural formula of the original 
substance. 

72. Starting with glycerine, show how /3-iodopropionic acid may be made. 

73. Starting with acetylene, outline a possible synthesis of (a) acetone, 
(b) ethyl alcohol, (e) tertiary butyl alcohol, (d) methylamine, (e) isopropyl 
alcohol. 

74. The acid number is defined as the number of milligrams of potassium 
hydroxide required to neutralize 1 g. of a substance. Calculate the acid 
number of stearic acid. 

75. One mole of an ester is shaken with one mole of water until no further 
change occurs. What products are present in the mixture thus produced? 
How would the relative amounts of each product be changed by the addi- 
tion of (a) anhydrous calcium chloride? (6) sodium hydroxide? 

76. A neutral sample of crude ethyl acetate weighing 0.50 g. was boiled 
with 30 cc. of 0.2 N alcoholic potash. For back titration 15.0 cc. of 0.1 N 
acid was required. What was the percentage of ester in the sample? 

77. How could you convert an acid into an acid chloride? an acid chloride 
into an ester? a nitro compound into an amine? an amine into an alcohol? 
an ester into an amide? 
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78. Outline methods for distinguishing the members of the following pairs 
of compounds ; do not use tests involving analyses, melting points, boiling 
points, or molecular-weight measurements : 

(а) CH3COCH3 and CH3CH2CHO, 

(б) CH3CH2CH2OH and CH3CHOHCH3, 

(c) CH 3 OCH 3 and CH 3 CH 2 OH, 

( d ) RCH 2 CI and RCOC1, 

(e) CH 3 COC 2 H 5 and C 2 H 5 OC 2 H 5 . 

79. A compound has the composition and molecular weight represented 
by the formula C 4 Hs0 2 . It reacts with acetyl chloride, forming a compound 
corresponding to the formula C 6 H 10 O 3 . It forms an addition product with 
sodium hydrogen sulfite, and it is easily oxidized to acetic acid. Write its 
structural formula. 

80. Specify the reagents and the experimental conditions required to make 
the following conversions : 

(а) CH3NH2 to CH3OH, 

( б ) CH 3 OH to CH 3 Br, 

(c) CH 2 =CH 2 to CH3CH2I, 

(d) CH3CH2CH2OH to CH3CHOHCH3, 

(e) CH 4 to CH3COOH, 

(/) CH 3 COOH to CH 4 , 

(g) CH 3 CH 2 I to CH 2 =CH 2 , 

(h) CH3CONH2 to CH3NH2- 

81. Outline chemical tests that may be used to distinguish between the 
members of the following pairs of compounds : 

(а) C 2 H 5 NH 2 and CH3CONH2, 

( б ) (C 2 H 5 ) 2 0 and C 2 H 5 COOC 2 H 5 , 

(c) (CH 3 ) 2 0 and CH 3 CH 2 OH, 

(d) CH3COCH3 and CH 3 CH 2 OH, 

(«) C2H5CI and CH3COCI, 

(/) CHeeeC— C 2 H 5 and CH 3 C=C— CH 3 . 

82. Indicate chemical reactions that may be used to distinguish between 

(a) CH 2 =CH 2 and CH 3 — CH 3 , 

(&) CHs— CH 2 OH and CH 3 — 0— CH 3 , 

(c) CH 3 — CH 2 CN and CH 3 — CH 2 — CH 2 NH 2 , 

(d) CHs— CHOH— CH 3 and CH 3 — CH 2 — CHO, 

(e) CHs— CH 2 — CHO and CH 3 — CO— CH 3 , 

(/) CH 3 — CH 2 — NH 2 and CH 3 — NH — CH 3 . 

83. Show how you could distinguish between the compounds 

(a) C2H5— CO— NH 2 and CH 3 —CN 0 H— CH 3 , 

(b) C 3 H 7 — CO — OC 3 H 7 and (C 3 H 7 C0) 2 0, 

(c) CHs— CHOH—CO— OC2H5 and CH 3 — CH( 0 C 2 H s )— COOH, 

(d) CHs— CO— CH 3 and CH 3 — CO— 0CH 3 . 

84. Write an equation for the equilibrium between acetic acid, ethyl 
alcohol, water, and ethyl acetate. Write an algebraic equation expressing 
the equilibrium constant of this reaction. Define each term in the equation. 
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Predict the effect on the chemical equilibrium (a) of adding concentrated 
sulfuric acid, ( 6 ) of adding potassium hydroxide. 

85. Sixty grams of acetic acid with 46 g. of ethyl alcohol gave an equilib- 
rium mixture containing 58.7 g. of ethyl acetate ; calculate the equilibrium 
constant. One mole of acetic acid is mixed with 3 moles of alcohol ; calculate 
the maximum yield of ester (no dehydrating agent present) . 

86 . Write equations for the main reactions which occur when ethyl acetate 
is mixed with concentrated ammonium hydroxide. Show how the success 
of this plan for making acetamide is dependent upon differences in the rates 
of three possible reactions. 

87. Write five possible structures for compounds having the formula 
C 4 H 8 O 2 . Outline chemical reactions that may be used to identify each 
compound. 

88 . Outline two methods for separating ethyl alcohol and acetone without 
distilling the mixture. 

89. Acetone, acetic acid, and methyl alcohol are present in an aqueous 
solution. How would you separate the components and obtain each in a 
pure state? 

90. Beginning with acetone and any necessary reagents, show how the 
following compounds may be made: (a) (CHs^COH, ( 6 ) (CH 3 ) 2 CCl 2 , 
(c) (CH 3 ) 2 CHOH, (d) (CH 3 ) 2 C : CH 2 . 

91. Write two possible structures for compounds having the formula 
C3H7NO. Outline chemical reactions that may be used to identify each 
compound. 

92. Write all possible structures for a compound having the formula 
CsHsO. Describe one compound having this formula and outline an ex- 
perimental procedure that could be used to determine which structure should 
be assigned to it. 

93 . Two compounds, each having the formula C 3 H 8 0 , were oxidized. One 
of them was converted into CsHeO and the other yielded C 3 H 6 O 2 . Neither 
of these products could be further oxidized without loss of carbon. Write 
the structural formulas of the original compounds. 

94 . A compound having the formula C 2 H2Br 2 0 was converted by cold 
water into C 2 H; } Br0 2 . Write structural formulas for the two compounds. 

95. Show how acetic acid, acetic anhydride, and acetamide may be made 
from acetyl chloride. 

96. Indicate by means of balanced equations the action of propionyl 
bromide (a) on water, ( b ) on ammonia, ( c ) on ethyl alcohol, (d) on sodium 
propionate.* 

97. Account for the fact that formic acid is the only member of the fatty 
acid series that acts as a reducing agent. 

98. How would you proceed to make an o'-bromo derivative of a saturated 
monobasic acid? How would you make a /3-bromo derivative of the same 
acid? 

99 . Show by means of formulas how a-hydroxy, /3-hydroxy, and 7 -hydroxy 
acids behave when heated. 
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100. Calculate the weight of iodine that will combine with 15 g. of 
dioleostearin. 

101. Two esters have the formula C 4 H 8 0 2 - Write their structural formu- 
las, and specify the hydrolysis products of each. 

102. If a substance were known to be either an alcohol, an aldehyde, or an 
ester, what tests would you use to identify the class to which it belongs ? 

103. With the aid of a solution of bromine in carbon tetrachloride, how 
could you distinguish linoleic acid from oleic acid ? 

104. Starting with ethyl alcohol and any inorganic compounds, show by 
means of equations how the acid of the structure (C 2 H 5 ) 2 CHCOOH may 
be prepared. 

105. A compound having the composition C 6 H 12 O 2 , when boiled with a 
solution of sodium hydroxide, was converted into ethyl alcohol and a com- 
pound of the composition C 4 H 70 2 Na. Write the structural formula of the 
original compound. 

106. Write the structural formula of a compound which, on hydrolysis, 
gives isopropyl alcohol and normal butyric acid. 

107. A fat consists of stearin 80 per cent, palmitin 12 per cent, olein 5 per 
cent, linolein 3 per cent. Calculate its iodine number. 

108. An oil contains 4 per cent of linolein. The other components are 
olein, stearin, and palmitin. Its iodine value is 85. Find the per cent of 
olein in the oil. 

109. Would more or less alkali be required to saponify butter than to 
saponify an equal weight of beef tallow? Give a reason for your answer. 

110. Outline a method by means of which n-primary butyl alcohol may be 
changed into ^-secondary butyl alcohol. 

111. Outline a possible method for the preparation of w-propyl alcohol 
from acetic acid. 

112. Show how bromine may be substituted for the underlined atoms or 
groups in the following: (a) C 2 H 6 OH, ( b ) (CH 3 ) 2 CO, (c) CH3CONHH, 
id) (CH 3 ) 4 NOH. 

113. How could ethyl alcohol be made (a) from C 2 H 5 NH 2 ? (6) from 
C 2 H 6 CONH 2 ? (c) from C 2 H 5 I? 

114. How could ethylamine be made (a) from C 2 H 6 OH? (6) from 
C 2 H 6 CONH 2 ? (c) from C 2 H 5 I? 

115. The silver salt of a tribasic acid was decomposed by heat. A sample 
of salt weighing 0.511 g. left a residue of silver weighing 0.322 g. Calculate 
the molecular weight of the acid. 

116. Write equations showing how CH3CH2CH2COOH may be trans- 
formed into 

(a) CH 3 CH 2 CHBrCOOH, (d) CH 3 CH : CH 2 , 

( b ) CHsCH : CH • COOH, (e) CH 3 CH 2 CHOHCOOH, 

O) CH 3 CHBrCH 2 COOH, (/) CH 3 CH 2 CHC1C0C1. 

117. Devise methods for making the following compounds from ethyl 
alcohol: (a) CH 3 COOH, (b) CH 3 CH 2 C1, (c) (CH 3 C0) 2 0, (d) CH 2 =CH 2 , 
(e) CHj}BrCH 2 Br. 
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118. Write equations for reactions by which substances having the fol- 
lowing formulas may be prepared: (a) CH 3 (C 2 H 5 ) 2 N, (6) (CH 3 ) 2 NH, 
(c) CH 3 CON(C 2 H 5 ) 2 . 

119. How would you distinguish a water solution of acetamide from a 
water solution of methylamine ? 

120. Describe, with the aid of equations, a method for converting ethyl 
alcohol into w-butyl alcohol. 

121. Write the structural formulas for all monocarboxylic unsaturated 
acids having four carbon atoms. 

122. Write equations for reactions by which propionic aldehyde, C2H5CHO, 
can be converted into (a) propionic acid, (6) secondary butyl alcohol, 

(c) diethyl ketone. 

123. Write graphic formulas of all acids that can be formed by the oxida- 
tion of propylene glycol, CH 3 * CHOH * CH 2 OH. 

124. Write two balanced equations for reactions by which isobutyric acid 
may be prepared from isobutyl alcohol. 

125. Outline methods for making (a) a-iodopropionic acid, (b) /3-iodo- 
propionic acid. 

126. Contrast the behavior of aqueous sodium hydroxide on the following 
compounds : CH 2 I * CH 2 • COOH and CH 3 - CHI • COOH. 

127. Write the structural formulas of the acids having the empirical 
formula CsHuCOOH. Name each acid. 

128. How could you distinguish an olein soap from one made from stearin? 

129. What volume of oxygen (calculated at 760 mm. pressure and 30° C.) 
is taken from the air in the conversion of 1000 g. of alcohol into acetic acid? 

130. Outline methods for making (a) formic acid from oxalic acid, (6) ox- 
alic acid from formic acid, (c) acetic acid from malonic acid, ( d ) malonic 
acid from acetic acid. 

131. An excess of ammonium oxalate was added to 50 cc. of a calcium 
chloride solution. The precipitated calcium oxalate was dissolved in sul- 
furic acid and titrated with potassium permanganate (3 g. of KMn0 4 per 
liter). If 35 cc. of the permanganate solution was used, calculate the nor- 
mality of the CaCl 2 solution. 

132. Assuming that nitrogen, carbon dioxide, and water are the products 
of explosion of nitroglycerine, and that the excess oxygen, if any, remains 
in the form of oxygen gas, how many gram-molecules of gas would be formed 
from one gram-molecule of nitroglycerine? 

133. How many cubic centimeters of normal alkali solution will be neu- 
tralized by 2 g. of anhydrous oxalic acid ? 

134. Two compounds having the formula C 2 H 4 C1 2 are known. Write 
their structural formulas, and show how they may be made. 

135. Write balanced equations representing the action of the following 

reagents upon ethyl alcohol: (a) H 2 S0 4 , (6) CH 3 COOH, (c) PCI 3 , 

(d) K 2 Cr 2 0 7 + H 2 S0 4 . 

136. Show how fumaric acid may be converted into (a) succinic acid, 
(6) monobromosuccinic acid, (c) dibromosuccinic acid, ( d ) tartaric acid. 
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137. Write three possible structures for compounds having the formula 
C4H7OCL Outline chemical reactions that may be used to identify each 
compound. 

138. One gram of glucose, when added to an excess of Fehling’s solution 
and heated on a water bath, precipitated 1.2 g. of cuprous oxide. Compare 
this value with that calculated, assuming the glucose to be oxidized to 
gluconic acid. 

139. Write an equation for the esterification of butyric acid by ethyl 
alcohol. Write an algebraic expression for the equilibrium constant of the 
reaction. A mixture consisting of 0.3 mole of pure ethyl alcohol and 0.1 mole 
of pure butyric acid was allowed to stand until equilibrium was established. 
The mixture was then titrated with a base so rapidly that no ethyl butyrate 
was hydrolyzed. To neutralize the solution 150 cc. of half-normal alkali 
was required. Find the value of the equilibrium constant. 

140. With the aid of any necessary inorganic reagents, show by equations 
how it would be possible to prepare (a) ethyl acetate from alcohol, (6) acetyl 
chloride from ethyl acetate, (c) formaldehyde from methyl alcohol. 

141. The ionization constant of acetic acid is 1.82 x 10" 5 . Calculate the 
pH of a 0.2 N solution of the acid. 

142. The pH of a 0.1 N solution of a certain acid is 3.1. Find the con- 
centration of hydrogen ions (moles of H + per liter of solution) in the 0.1 N 
solution. 

143. The dissociation constant of propionic acid is 1.34 X 10~ 6 . Calculate 
the pH of a 0.15 N solution of the acid. 

144. The dissociation constant of acetic acid is 1.82 X 10~ 6 . Calculate 
the per cent of acetic acid ionized in a 0.3 N solution. 

145. From acetone how would you prepare 

(а) (CH 3 ) 2 C(OH)COOH? (d) (CH 3 ) 2 CHOH? 

(б) CH 3 • CC1 3 ■ CH 3 ? (e) CH 3 • CH : CH 2 ? 

(c) CH 3 • CC1 : CH 2 ? (/) (CH 3 ) 3 COH? 

146. Write equations indicating the use of malonic ester in preparing 

(а) (CH s ) 2 CHCH 2 COOH, 

(б) CH 3 CH 2 CH 2 COOH, 

(c) (C 2 H 6 )(CH 3 )CH* COOH. 

147. Write equations showing how the following compounds may be ob- 
tained by means of the acetoacetic ester synthesis : 

/CH 3 C3H7S. 

(a) CH 3 • CO * CH (6) CH • COOH 

XCH3 C 2 H 5 / 

148. Write equations representing the preparation of isobutyric acid by 
the malonic ester synthesis and by the acetoacetic ester synthesis. 

149. Starting with 50 g. of malonic ester and going to diethylacetic acid, 
calculate the amounts of the reagents required in each step. Assume an 
80 per cent yield in each reaction. 

150. Would the monoacety] derivative of mesotartaric acid be optically 
active ? 



QUESTIONS AND PROBLEMS 449 

151. Assuming that Fehling’s solution oxidizes glucose to gluconic acid, 
what weight of cuprous oxide would be precipitated by the action of Fehling’s 
solution on 5 g. of glucose? 

152. Calculate the amount of acetic anhydride necessary to completely 
acetylate 1 g. of glucose, CeH^Oe * H2O. 

153. Assume that there are only two forms of glucose, one with a specific 
rotation of 110° and the other with a specific rotation of 19°. The equilib- 
rium mixture has a specific rotation of 52.7°. In what proportions are two 
components present in the equilibrium mixture? 

154. What volume of carbon dioxide measured at 30° and 750 mm. may 
be obtained from 10 g. of glucose by fermentation? 

155. Write equations for (a) the fermentation of glucose, ( b ) the action 
of phenylhydrazine on glucose, (c) the oxidation of glucose by Fehling’s 
solution. 

156. What volume of nitrogen measured at 30° and 740 mm. will be ob- 
tained when an excess of alkaline sodium hypobromite acts upon 3 g. of 
urea? 

157. What volume of nitrogen at 18° and 740 mm. will be obtained from 
1.4 g. of amylamine and an excess of nitrous acid? 

158. Is phosgene an acid chloride? How does it react with water, with 
ammonia, and with alcohol ? 

159. One gram of a pure monoamino acid, upon treatment with nitrous 
acid, yields 254 cc. of nitrogen, measured at standard conditions. What is 
the molecular weight of the acid ? 

160. Write the formulas of the possible tetrapeptides obtainable from 
glycine, valine, leucine, and tyrosine. 

161. What volume of nitrogen at 20° and 760 mm. is liberated when an 
excess of nitrous acid acts upon 1.2 g. of urea? What volume of carbon 
dioxide is formed in the same reaction? How are the two gases separated? 
How are they estimated quantitatively ? 

162. What is the mole fraction of water in a solution containing equal 
weights of alcohol and water ? 

163. A liquid is known to be a hydrocarbon. Give qualitative tests that 
will determine whether it is a paraffin, an unsaturated aliphatic hydro- 
carbon, or an aromatic compound. 

164. Write structural formulas for all compounds having the empirical 
formula C 8 H 10 . Devise experimental methods for distinguishing and identi- 
fying them. 

165. Outline a method for preparing each of four compounds having the 
formula C7H7CI. 

166. Devise methods for making the following compounds from benzene : 
(a) metadi chlorobenzene, (5) ortf/ionitrophenol, (c) par atoluidine. 

167. Two compounds have the formula CsHio. One of them yields two 
mononitro derivatives, the other only one. On oxidation each yields an acid 
which has the formula C 8 H 6 04. Write structural formulas for the two 
hydrocarbons. 
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168. Indicate the action of nitrous acid on ethylamine, C2H5NH2, and 
on aniline, C 6 H 5 NH 2 , in hot and in cold solutions. 

169. What tests may be used to distinguish between primary, secondary, 
and tertiary amines? primary, secondary, and tertiary alcohols? alcohols 
and phenols? aliphatic and aromatic amines? 

170. What volume of nitrogen gas measured at standard conditions would 
be evolved by treatment of 1 g. of aniline with an excess of nitrous acid ? 

171. Write the formulas of the chief products formed in the sulfonation 
of iodobenzene, methyl benzene, and nitrobenzene. 

172. The heat of combustion of benzene is 9977 calories per gram. Deter- 
mine whether benzene is an endothermic or an exothermic compound. 

173. What weight of tin is necessary to reduce 50 g. of nitrobenzene? As- 
sume that the tin is converted into stannous ions. 


174. Write the formula of the amide which would be used in the prepara- 
tion of benzylamine. Write a balanced equation representing the conversion 
of the amide to tjhe amine. 

175. Prepare a chart of the oxidation products of aniline and the reduc- 
tion products of nitrobenzene. Specify the reagents used in making each of 
these products. 

176. Write equations representing a method for replacing a hydrogen 
atom in benzene by each of the following: (a) OH, ( b ) NH 2 , (c) COOH, 
W) N0 2 , ( 6 ) Br, (/) C 2 H 5 . 

177. Write equations representing the reactions between phenol and the 
following reagents: (a) KOH, (i b ) HNO3, (c) Br 2 , (d) CH3COCI. 

178. Calculate the quantities of hydrochloric acid and sodium nitrite re- 
quired to convert 60 g. of aniline into phenol. What volume of nitrogen 
measured at 30° and 750 mm. will be evolved in the process? 

179. Explain the fact that phenol precipitates when a solution of sodium 
phenolate is saturated with carbon dioxide. 


180. Phenol has acidic properties and sodium phenolate is not volatile, 
but to prevent the steam distillation of phenol from aqueous solution a 
large excess of NaOH is necessary. Explain. 

181. Beginning with benzene, outline a method for synthesizing the dye 
dimethylaminoazobenzene, C 6 H 5 N 2 C 6 H 4 N (CH 3 ) 2 . 

182. Beginning with o-aminobenzenesulfonic acid, methyl iodide, and any 

necessary inorganic reagents, outline a method for the preparation of a dye 
having the formula /\ y\ 



SOsH 

N(CH 3 )2 


183. Outline qualitative chemical tests to distinguish the following pairs 
of compounds (one test for each pair) ; the tests must not be based upon 
boiling points, freezing points, colors, or odors : 

(а) Phenol and aniline. (c) Butyraldehyde and acetophenone. 

( б ) Ethyl iodide and ethyl alcohol, (d) Fluorescein and methyl orange. 

( e ) Starch and cellulose. 
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184. Complete and balance the following equations : 

(&) CH=CH -f - Mn0 4 ~ C 2 O 4 + Mn0 2 

( b ) CH 3 CHO + Mn0 4 - 4- H+ >• C0 3 + Mn++ 

(c) C 6 H 5 N0 2 + Fe + H+ CeHsNHa + Fe +++ 

185. How would you obtain phenol from a mixture of phenol and hydro- 
carbons when the boiling points are such that they cannot be separated by 
fractional distillation ? 

186. Deviise methods for making the following compounds from benzene : 

(a) mefadibromobenzene, (6) or^onitrophenol, (c) paraxylene. 

187. Show by means of equations how the following compounds may be 
converted into benzene: (a) CH 3 C 6 H 5 , (6) C 6 H 5 COOH, (c) C 6 H 5 NH 2 , 

(d) C 0 H 5 CONH 2 , (e) C 6 H 5 N0 2 . 

188. How may toluene be converted into benzyl chloride? into benzyl 
alcohol ? into benzoic acid ? into benzene ? 

189. Three different dichlorobenzoic acids, when heated with soda lime, 
yield the same dichlorobenzene. Write the structural formulas of the three 
acids. 

190. Show by means of equations the steps involved in making benzoic 
acid (a) from toluene, (6) from benzaldehyde, (c) from benzonitrile. 

191. Make plans for separating mixtures of (a) phenol and aniline, 

(b) phenol and benzene, (c) aniline and nitrobenzene, (d) phenol and benzoic 
acid. 


192. Beginning with benzene and any necessary reagents, show by bal- 
anced equations how the following compounds may be made : 


(а) C 6 H 5 N0 2 , 

(б) C 6 H 5 NH 2 , 

(c) CoHsI, 

(d) C 6 H 5 S0 3 H, 

(e) CoHfiOH, 


(/) C 6 H 5 CH 3 , 

(g) CoH 5 N 2 C 0 H 4 OH, 

(h) (CoH 5 ) 3 CH, 

(i) CH 3 C 6 H 4 NH 2 , 
(;) CoHsCOCoH*. 


193. Indicate by equations, or in words, a method of obtaining (a) a 
ketone from a secondary alcohol, (6) an acid chloride from an acid, (C) a 
phenol from a primary aromatic amine, (d) a monosaccharide from a disac- 
charide. 


194. Tabulate the molecular structures that are susceptible to hydrolysis. 
Name compounds representing specific examples of these structural types. 
Indicate by names and formulas the hydrolysis products of the compounds 
used as specific examples. 

195. A compound has the following composition : 


Carbon 40.0 % 

Hydrogen 6.6 % 

Oxygen 53.3 % 


Its molecular weight is 90. It reduces Fehling’s solution and with phenyl- 
hydrazine forms an osazone. It reacts with one molecule only of hydrogen 
cyanide, forming a cyanhydrin. With acetyl chloride it yields a compound 
having the formula C7H10O5. It can be oxidized by dichromate ion to a 
monobasic acid, C 3 He 0 4 , and by nitric acid to a dibasic acid, C 3 H 4 05. 
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Write the structural formula of the compound and write balanced equations 
representing its action upon the reagents mentioned. 

196. Write equations representing a method for replacing a hydrogen atom 
in benzene by each of the following: (a) CN, (b) Cl, (c) COOH, (d) CH 3 , 
0 e ) N 2 C 6 H 5 . 

197. Show how the diazo reaction may be used to convert aniline into each 
of the following compounds : 

(a) C 6 H 5 OH, (c) CeHsCOOH, 

GO C 6 H 5 Br, (d) C e H 5 • N : N * C 6 H 4 OH. 

198. Write equations for reactions by which the following may be pre- 
pared by means of the Friedel and Crafts reaction : 

(a) CH 3 * C 6 H 4 • C 2 H 5 , (c) CHsCO • C 6 H 4 * CH 3 , 

(&) C 6 H 5 CHO, (d) CH 2 (C 6 H 4 CH 3 ) 2 . 

199. Write the structural formulas of the compounds formed by the intro- 
duction of one and of two nitro groups into (a) CQH 5 C 2 H 5 , (b) C 6 H 5 OH, 
(c) C 6 H 5 Br, (d) C 6 H 5 N0 2 , (e) C 6 H 5 COOH. 

200. Starting with benzene, write equations for reactions by which the 
following compounds may be made : (a) CeBUCINCh ( meta ), ( 6 ) C 6 H 4 C1N0 2 
(para), (c) C 6 H 4 CH 3 l (meta). 

201. Indicate the action of the Grignard reagent upon (a) a ketone, 
(b) an ester, (c) an amine, (d) an alcohol. 

202. Write balanced equations for all operations involved in making 
propionic acid by means of either the malonic ester synthesis or the Grignard 
reaction. 

203. Show how the Friedel and Crafts reaction may be used in the prepa- 
ration of (a) C 6 H 6 * CO • CH 3 , (b) CH 3 • C 6 H 4 * C 2 H 5 , (c) (CcH 5 ) 3 CH. 

204. Write equations for reactions by which C 2 H 5 CHO may be converted 
into (a) C 2 H 5 * CHOH * C 2 H fi , (b) C 2 H 5 • CO • C 2 H 5 , (c) C 2 H 5 COOH. 

205. Write the formulas of the possible products of the action of nitric 
acid on (a) orthodichlorobenzene, (b) para chlorotoluene, (c) raetadinitro- 
benzene. 

206. How would you prepare (a) raetanitrochlorobenzene ? ( 6 ) ethyl- 

benzene? ( c ) benzonitrile ? 

207. Naphthionic acid is diazotized and coupled with dimethylaniline. 
Write the formula of the product. 

208. How would you prepare diphenylethyl carbinol? 

209. Outline a synthesis of (a) paranitrobenzaldehyde, ( 6 ) m^abromo- 
benzaldehyde, ( c ) tolylphenyl ketone. 

210 . Phenylhydrazine is made to react with an unknown compound. The 
hydrazone formed has a molecular weight of 176. What is the molecular 
weight of the unknown compound ? 

211 . Write the formulas of the products formed when hydrocyanic acid, 
sodium bisulfite, and phenylhydrazine react with benzaldehyde. Would any 
of these products exist in syn and anti forms ? 

212. Write structural formulas for six trihydroxybenzoic acids. 
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213. Show by equations how the following substances may be prepared 
by the use of diazo compounds: (a) HOC 6 H 4 C 2 H 5 (para), ( b ) ClC 6 H 4 COOH 
(para), (c) CH 3 C 6 H 4 NH 2 (para). 

214. Write equations for reactions by which aromatic acids may be pre- 
pared by means of (a) the oxidation of a hydrocarbon, (b) the hydrolysis 
of a nitrile, (c) malonic ester synthesis, (d) acetoacetic ester synthesis. 

215. Indicate by means of structural formulas the reactions of triphenyl- 
methane dyes with acids and with bases. 

216. Outline a method for preparing (a) anazodye, (b) atriphenylmethane 
dye. 

217. The following neutral substances are each heated with dilute sodium 
hydroxide under a reflux condenser and the resulting solution subjected to 
steam distillation. What product would you expect to find (1) in the dis- 
tillate, ( 2 ) remaining in the distilling flask, — (a) ethyl acetate, (b) acetani- 
lide, (c) methyl acetoacetate, (< d ) phenyl acetate, (e) valeric anhydride? 

218. Show how malonic ester may be used in the synthesis of amino acids. 

219. Use Thiele’s theory of partial valence to explain why bromine at- 
taches to the /3-carbon atom when an a-j3 - unsaturated acid is treated with 
hydrogen bromide. 

220 . Show how the Grignard reaction may be used in the synthesis of 
(a) acids, (b) primary alcohols, (c) tertiary alcohols. 

221. Outline methods for preparing the following compounds from acetone : 
(a) CH 3 — CeeeCH, ( b ) (CH 3 ) 2 C(OH)C 3 H 7 , (c) (CH 3 ) 2 C(OH)COOH. 

222. Beginning with CeHsCHO and any necessary reagents, show how the 
following compounds may be made : 

(a) (C 6 H 6 ) 2 CO, (c) CfiHsCHsOCHs, 

(b) CGH5CH2CH2COOH, (d) c 0 h 5 cooch 3 . 

223. A compound of the composition CgHgBr was converted by oxidation 
into parabromobenzoic acid. Write the graphic formula of the compound. 

224. How many monosubstitution products of isoquinoline are possible ? 
How many disubstitution products are possible if the substituents are alike? 

225. An alkaloid with one atom of nitrogen in the molecule forms a 
crystalline sulfate containing one molecule of water of crystallization. Two 
grams of the sulfate on treatment with barium chloride yields 0.675 g. of 
barium sulfate. What is the molecular weight of the alkaloid? 

226. Give two examples of intramolecular rearrangement involving the 
shift of an atom or group from nitrogen to carbon. State how the transfor- 
mation is induced in each case. 

227. Define and illustrate (a) the Cannizzaro reaction, (6) benzoin conden- 
sation, (c) the Perkin synthesis, (d) the Friedel and Crafts reaction, (e) aldol 
condensation. 

228. Outline an experimental procedure for separating and purifying the 
components of the following mixtures ; do not resort to fractional distilla- 
tion : (a) phenol and aniline, (6) ethyl iodide and ethyl alcohol, ( c ) benzal- 
dehyde and benzyl alcohol. 
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229. Which of the following reactions proceeds at the fastest rate? 

(a) CH3COOC2H5 + H 2 0 + NH 3 CH3COONH4 + C2H5OH. 

Q b ) CH3COOC2H5 + H 2 0 + NH 3 — »- CH3CONH2 4 - C2H5OH + H 2 0 . 
(c) CH3CONH2 + H 2 0 ^ CH3COONH4. 

Support your conclusion by experimental evidence. If you are not familiar 
with the facts, outline, in detail, an experiment that could be made to de- 
termine the relative rates of these reactions. 


230. Complete the following equations. Write the names and structures* 
of the main products. (In each case an excess of the second reagent is used.) 

(a) Acetyl chloride + aniline y 

(b) Ethyl iodide + silver acetate y 

(c) Ethyl iodide 4 - dimethylamine — *- 

( d ) Acetone 4- sodium bisulfite — y 

(e) Acetaldehyde 4- hydrogen cyanide y 

(/) Benzaldehyde + potassium cyanide y 

(g) Benzaldehyde + concentrated sodium hydroxide y 

( h ) Phenol + bromine y 

(i) Glucose + phenylhydrazine — >- 

( j ) Methylacetylene + silver ammonia ion y 

( k ) Ethyl iodide + triethylamine y 

(l) Benzoyl chloride + aniline »- 


231. A compound has the formula C 4 H 8 O 4 . With acetyl chloride it yields 
a derivative corresponding to the formula C10H14O7. With hydroxylamine 
it forms an oxime, C4H9NO4. The compound can be oxidized to a dibasic 
acid having the formula C4H 6 0 6 . It can be reduced to a compound, C 4 H 10 O 4 , 
which is optically inactive and cannot be resolved into optically active com- 
ponents. This reduction product fails to form an oxime, but it reacts with 
acetic anhydride, forming an acetyl derivative, C^HisOs. Write the struc- 
tural formula of the compound. 



INDEX 


(Principal references in black type) 


Abderhalden, Emil, 304 
Acetaldehyde, 29, 37, 73, 84, 358, 393 
Acetaldoxime, 81 
Acetals, 81, 149 
Acetamide, 114, 412 
Acetanilide, 217 
Acethydroxamic acid, 414 
Acetic acid, 37, 90, 95, 96, 367 
Acetic anhydride, 395 
Acetoacetic ester, 381, 400, 403, 407 
Acetone, 61, 73, 74, 82, 86, 96, 394 
Acetone semicarbazone, 82 
Acetonitrile, 140 
Acetonylacetic acid, 360 
Acetophenone, 245 
Acetophenone oxime, 418 
Acetyl chloride, 100, 115 
Acetyl urea, 172 
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Acetylchloraniline, 424 
Acetylene, 29, 34, 369 
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Acid amides, 113 
Acid anhydrides, 102, 115, 124 
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aliphatic polybasic, 119; alipha- 
tic unsaturated, 99, 128 ; aromatic 
monobasic, 247; aromatic poly- 
basic, 252 ; aromatic unsaturated, 
251, 350, 396; halogen deriva- 
tives of, 115 
Acridine dyes, 279 
Acrolein, 85, 314, 316 
Acrose, 166 
Acrylic acid, 99 
Acyl radicals, 92 
Adair, G. S., 292 
Adams, Roger, 56, 232 
Adenase, 171 
Adenine, 177, 178, 179 
Adipic acid, 119, 360 
Adrenaline, 221, 222 
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Alanine, 293, 294, 300, 306, 427 
Alanylglyeine, 300 
Alanyltyrosine, 303 
Albertson, J. N., 107 
Albumin, 292 
Albuminoids, 307 
Albumins, 307 
Alcoholic fermentation, 39 
Alcohols, aliphatic monohydric, 35, 
357, 366; aliphatic polyhydric, 
47; aliphatic unsaturated, 50; 
aromatic, 242 
Aldehyde ammonia, 75 
Aldehydes, aliphatic, 72, 73, 78, 359, 
366; aromatic, 242, 243 
Aldol, 77, 393 

Aldol condensation, 77, 85, 393 
Aldoses, 147, 152 
Alizarin, 283, 284, 285 
Alkali cellulose, 168 
Alkaloids, 312 
Alkyl cyanides, 92 
Alkyl halides, 35, 56, 369 
Alkyl magnesium halides, 14, 92, 375 
Alkyl nitrites, 111 
Alkyl radicals, 12 
Alkylene oxides, 382 
Alkylenes, 21 
Allan, J., 261 
Allantoin, 173, 174 
Allen, Paul, 397 
Allocinnamic acid, 251 
Allose, 158 
Alloxan, 173 
Allyl alcohol, 50 
Allylacetic acid, 363 
Allylpyridine, 320 
Altrose, 158 
Amic acids, 125 
Amides, 115, 125, 355 
Amines, aliphatic, 64, 114, 359; 
aromatic, 216 

Amino acids, 116, 293, 306, 399 
Aminoacetic acid, 90, 294 
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Aminoazobenzene, 272, 425 
Aminobenzoic acid, 286 
Aminobenzophenone, 380 
Aminoglutaric acid, 297 
Aminoguanidine, 128 
Aminoisobutylacetic acid, 295 
Aminoisovaleric acid, 295 
Aminophenol, 238 
Aminopropionic acid, 294 
Aminosuccinie acid, 297 
Ammonia system, 143 
Ammonium cyanate, 126 
Ammonolysis, 114, 144 
Amygdalin, 244 
Amyl acetate, 427 
Amyl alcohols, 41, 42, 427 
Amyl bromide, 59 
Amyl chloride, 59 
Amyl iodide, 59 
Amylamine, 71 
Amylene, 21 
Amylopsin, 171 
Anhydroecgonine, 326 
Aniline, 61, 212, 217, 218 
Anisic anilide, 417 
Anisol, 241 

Anthracene, 201, 202, 283 
Anthrahydroquinoneazine, 285 
Anthranilic acid, 248, 249, 286, 368 
Anthraquinol, 284 
Anthraquinone, 202, 283, 284, 361 
Arabinose, 153, 155 
Arginine, 293, 297 
Armstrong, Henry E., 190 
Artificial silk, 168 
Aryl halides, 204, 370 
Aryl radicals, 192 
Aspartic acid, 293, 297, 306 
Asphalt, 20 
Aspirin, 251 

Asymmetric molecules, 46 
Asymmetric syntheses, 134 
Atrolactic acid, 323 
Atropic acid, 322, 323 
Atropine, 322, 325 
Aurine, 280 
Auwers, K., 418 
Auxochrome, 289, 290 
Avogadro's law, 429 
Ayers, Eugene E., 41 
Azelaic acid, 119 

Azo compounds, reduction of, 367 
Azo dyes, 271, 288, 367 
Azobenzene, 211 


Azocochenille, 273 
Azoxybenzene, 211, 214 

Bachman, W. E., 266 
Baeyer, A., 167, 174, 175, 184, 190, 
191, 394 

Baking powders, 130 
Baly, E. C. C., 167 
Barbituric acid, 172, 174 
Barger, George, 293 
Barium imide, 143 
Barker, W. F., 167 
Beckmann, Ernst, 364, 415 
Beckmann rearrangement, 415 
Beet sugar, 164 
Benzal chloride, 204, 382, 387 
Benzalacetone, 360, 394 
Benzalaniline, 216 

Benzaldehyde, 242, 244, 276, 357, 
394, 395, 396, 407 
Benzaldoxime, 244, 364 
Benzamide, 248 
Benzanilide, 415, 416 
Benzene, 183, 185, 193; constitu- 
tion of, 186, 190, 373 ; homologues 
of, 192 

Benzenediazo hydroxide, 225, 272 
Benzenediazonium hydroxide, 225 
Benzenesulfonic acid, 206, 231 
Benzenesulfonyl chloride, 67, 206 
Benzenetrisulfonic acid, 206 
Benzhydrol, 246 

Benzhydryltetraphenylmethane, 268 
Benzidine, 214, 215; diazo deriva- 
tives of, 274; rearrangement of, 
214, 425 

Benzil, 359, 417, 422; rearrange- 
ment of, 422 

Benzildioxime peroxide, 364 
Benzilic acid, 422 
Benzoazurine, 274 

Benzoic acid, 208, 242, 247, 263, 
377 

Benzoic aniside, 417 
Benzoic sulfimide, 250 
Benzoin, 245, 359, 394, 423 
Benzoin condensation, 245, 394 
Benzonitrile, 248 

Benzophenone, 196, 245, 246, 366, 
377 

Benzophenone chloride, 197 
Benzophenone oxime, 416 
Benzophenone phenylimide, 414 
Benzotrichloride, 264, 247, 390 
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Benzoyl chloride, 247 
Benzoylacetophenone, 289 
Benzoylbenzil monoxime, 419 
Benzoylphenylurea, 418 
Benzoyltr opine, 327 
Benzpinacol, 246 
Benzyl alcohol, 231, 242 
Benzyl bromide, 205 
Benzyl chloride, 204, 358 
Benzylidine acetoacetic ester, 407 
Beriberi, 311 
Bernard, Hans, 270 
Biddle, H. C., 330 
Bidiphenylene-ethylene, 289 
Biot, J. B., 44 
Biphenyl, 195, 228, 369, 392 
Bis-lead triphenyl, 270 
Biuret, 308 

Blasting gelatines, 112 
Bogert, M. T., 377 
Bordeau, 5, 273 
Borgstrom, Parry, 270 
Bosworth, A. W., 309 
Braconnot, H., 292 
Branch, G. E. K., 82, 269, 412 
Bredt, J., 348 
Briggs, D. R., 383 
Britton, Edgar C., 232 
Bromoacetic acid, 90 
Bromobenzene, 205, 232, 261 
Bromocymene, 378 
Bromoform, 32, 61, 382 
Bromofumaric acid, 133 
Bromomaleic acid, 133 
Bromopropionic acid, 427 
Bromopropylenes, 25 
Bromotoluene, 205 
Brooks, Benj. T., 100 
Brucine, 328 
Biichner, E., 39, 169 
Butanes, 16, 34 
Butter, 108 

Butyl alcohols, 40, 42, 365, 

Butyl bromide, 59 
Butyl carbinol, 42 
Butyl chloride, 59 
Butyl iodide, 59 
Butyl nitrate, 111 
Butyl nitrite, 111 
Butylamine, 71 
Butylene, 21, 34 
Butyraldehyde, 365 
Butyric acid, 90, 97 
Butyrolactam, 116 


Butyrolactone, 118 
Butyronitrile, 140 

Caffeine, 177, 178 
Calcium carbide, 31, 137 
Calcium cyanamide, 137, 138, 144 
Calcium cyanide, 137 
Calvert, H. T., 358 
Camphane, 345 
Camphene, 348 
Camphor, 346, 348 
Camphor quinone, 347 
Camphoric acid, 183, 347, 348 
Camphoronic acid, 347, 348 
Cane sugar, 162 
Cannizzaro reaction, 244, 395 
Caproic acid, 90, 108, 115 
Caprylic acid, 108, 115 
Carane, 345 
Carbamic acid, 102 
Carbazole, 201 
Carbohydrates, 146 
Carbolic acid, 231 
Carbon suboxide, 88 
Carbon tetrabromide, 63 
Carbon tetrachloride, 11, 62, 262 
Carbonyl chloride, 101.- See also 
Phosgene 

Carbylamines, 137, 139 
Carvacrol, 235, 344 
Carvone, 344 
Casein, 309 
Catechol, 221, 237 
Cathcart, L. P., 305 
Cellophane, 168 
Cellulose, 146, 166, 168 
Cellulose xanthic acid, 168 
Cetyl alcohol, 98 
Cetyl cyanide, 140 
Cetyl palmitate, 98 
Chapin, W. H., 432 
Chapman, L. M., 301 
Charlton, Wm., 150 
Chloroacetic acid, 90, 116, 286 
Chloroacetic ester, 399 
Chloroacetyl catechol, 221 
Chloral, 60. See also Trichloroacet- 
aldehyde 

Chloral hydrate, 61 
Chlorobenzene, 204, 205, 232 
Chloroform, 11, 32, 60, 61, 63, 94, 382 
Chloroformic ester, 102 
Chlorophenol, 236 
Chloropicrin, 62 
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Chloropropionyl chloride, 303 
Chlorosuccinic acid, 425, 426 
Chlorotoluene, 204 
Choline, 109 
Chrom violet, 280 
Chromophore groups, 288 
Chrysaniline, 279 
Ciba violet, 287 
Cinchonine, 134, 330 
Cinehotoxine, 331 
Cineol, 340 

Cinnamenylacrylie acid, 363 

Cinnamic acid, 251, 350, 363, 385 

Cinnamyl alcohol, 350 

Citral, 337 

Citric acid, 136 

Citronellal, 336 

Claisen, L., 394, 401 

Clark, W. M., 90 

Coal tar, 185, 231, 234 

Cocaine, 325, 326, 327 

Coconut oil, 108 

Codeine, 329 

Cohen, J. B., 358, 375 

Cohn, Edwin J., 301 

Collodion, 168 

Conant, James B., 269 

Condensation processes, 375 

Cone, L. H., 392 

Congo dyes, 274 

Coniine, 318, 320 

Conjugate systems, 372 

Conner, R. B., 62 

Conyrine, 319 

Copper acetylide, 30 

Corson, B. B., 397 

Cottonseed oil, 108 

Coumaric acid. 350 

Coumarin, 350 

Coyne, F. P., 293 

Crafts, J., 386 

Creosote, 234 

Cresols, 231, 234, 254 

Crotonaldehyde, 86, 393 

Crotonic acids, 99, 117, 363 

Crum-Brown and Gibson rule, 258 

Crystal violet, 276, 277 

Cumene, 194 

Curare, 328 

Curtius rearrangement, 415 
Cyamelide, 142 
Cyanamide, 128, 138 
Cyanates, 137, 141 
Cyanhydrins, 134, 136, 154, 156, 158 


Cyanic acid, 141 
Cyanides, 137, 140, 355, 370 
Cyanoacetic acid, 90, 408 
Cyanogen, 137 
Cyanuric acid, 141, 142 
Cyclobutane, 182 

Cyclobutane dicarboxylic acid, 183 
Cyclohexane, 182, 183 
Cyclopentane, 182 
Cyclopentane dicarboxylic acid, 183 
Cyclopropane, 182 
Cyclopropane dicarboxylic ester, 411 
Cymene, 194, 195, 234, 336 
Cymene carboxylic acids, 377, 378 
Cymene sulfonic acid, 235 
Cystine, 293, 296 
Cystosine, 180, 181 

Dalton, Jofen, 4 
Davis, G. T., 167 
Decane, 10 
Decyl alcohol, 42 
Decylene, 21 
Dehn, W. M., 62 
De Quincey, Thomas, 329 
Dextrose, 160 
Diacetyl, 289, 364 
Diaminocaproic acid, 297 
Diamyl ether, 54 
Dianisidine, 274 
Diazo compounds, 225, 271 
Diazo reaction, 224 
Diazoaminobenzene, 272 
Diazonium compounds, 225, 232, 
271 

Dibenzoylethylene, 289 
Dibenzylazoxime, 418 
Dibiphenylene ethylene, 196 
Dibiphenylenediphenylethane, 268 
Dibromobenzene, 205 
Dibromoethylene, 29 
Dibromo-metaylene, 205 
Dibromosuccinic acid, 133 
Dibromoxylene, 205 
Dibutyl ether, 54 
Dicarboxylic acids, 252 
Dichloroacetic acid, 90, 116 
Dichloroacetone, 136 
Dichloroadenine, 179 
Dichlorobenzene, 204 
Dichloroethyl sulfide, 22 
Dichlorohypoxanthine, 179 
Diehloropropane, 63 
Dichlorotoluene, 204 
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Diethyl carbinol, 42 
Diethyl ether, 52, 54 
Diethyl ketone, 73 
Diethyl malonate, 408 
Diethyl oxalate, 124 
Diethylacetonitrile, 140 
Diethylamine, 70 
Dihexyl ketone, 73 
Dihydric phenols, 236 
Dihydroxystearic acid, 99 
Diketopiperazines, 302 
Dimethyl ether, 54 
Dimethyl oxalate, 124 
Dimethylacrylic acid, 99 
Dimethylamine, 70 
Dimethylaminoazobenzenesulfonic 
acid, 273 

Dimethylaniline, 222, 276 
Dimethylbutadiene, 421 
Dimethylethyl carbinol, 42 
Dimethylethylene, 21 
Dimethylisopropenyl carbinol, 421 
Dimethylketoxime, 81 
Dinitrobenzene, 209, 210 
Diolefines, 32 
Dioleostearin, 107 
Dioxypurine, 177 
Dioxypyrimidine, 180 
Dipentene, 340, 342, 346 
Dipentyl ketone, 73 
Diphenic acid, 196, 203 
Diphenyl ether, 241 
Diphenylacetaldehyde, 423 
Diphenylacetic acid, 423 
Diphenylamine, 221 
Diphenylcarbinol, 242 
Diphenylenediphenylethylene, 288 
Diphenylfulvene, 288 
Diphenylmethane, 196, 197, 246 
Diphenylpropionic acid, 385 
Dipropargyl, 187 
Dipropyl ether, 54 
Dipropyl ketone, 73 
Disaccharides, 147, 162 
Dissociation constants of acids, 89 
251, 252 ,* of amines, 69, 70 
Distearyl lecithin, 110 
Distillation of salts, 243, 245 
Distillation of wood, 96 
Ditertiary alcohols, 382 
Dixanthyl, 269 
Dodecane, 10 
Drewsen, Viggo, 394 
Dulcitol, 49 


Dyes, 271; acridine, 279; alizarin, 
283; azo, 271; indigoid, 286; 
phthalein, 281 ; triphenylmethane, 
275 

Dynamite, 112 

Ecgonine, 326, 327 

Eicosane, 10 

Elaidic acid, 100 

Electrolysis of salts, 391 

Emulsin, 171 

Engler, C., 19 

Enzymes, 39, 169 

Eosine, 283 

Ephedrine, 221, 222 

Equilibrium constants, 57, 106 

Erepsin, 171 

Erlenmeyer, Jr., E., 134 

Erythritol, 49 

Essential oils, 335 

Esters, 103 ; of dibasic acids, 122 ; of 
halogen acids, 56, 113 ; hydrolysis 
of, 353; of inorganic acids, 110; 
reduction of, 367 
Ethane, 34 

Ethanol, 39. See also Ethyl alcohol 
Ethers, 52 

Ethyl acetate, 105, 114 
Ethyl alcohol, 36, 37, 39, 42 
Ethyl ammonium iodide, 66 
Ethyl bromide, 56, 59 
Ethyl chloride, 59, 60 
Ethyl cyanide, 140 
Ethyl ether, 54 
Ethyl hydrogen sulfate, 112 
Ethyl iodide, 27, 59 
Ethyl mercaptan, 51 
Ethyl nitrate, 111 
Ethyl nitrite, 111 
Ethyl propionate, 403 
Ethyl sulfuric acid, 23, 52, 106 
Ethylamine, 70, 71 
Ethylbenzene, 194 
Ethylbutyl ether, 54 
Ethylene, 21, 22, 26, 34, 47, 56, 84, 
182, 362 ; reduction of, 369 
Ethylene bromide, 62, 411 
Ethylene chlorhydrin, 47, 48, 382 
Ethylene chloride, 48, 62 
Ethylene dibromide, 62, 63 
Ethylene dichloride, 26, 62, 63 
Ethylene glycol, 47 
Ethylene hydrocarbons, 21 
Ethylene iodide, 63 



460 


THE CARBON COMPOUNDS 


Ethylene oxide, 48 
Ethylethylene, 21 
Ethylidene chloride, 63 
Ethylisobutyl ether, 54 
Ethylisopropyl ether, 54 
Ethylisopropyl ketone, 360 
Ethylpropyl ether, 54 
Eugenol, 349 
Evans, Mildred W., 269 
Evans, P. N., 107 

Fahraeus, Robin, 292 
Fats, 107 ; hydrolysis of, 108; iodine 
value of, 108: Reichert-Meissel 
number of, 108 

Fehling’s solution, 79, 131, 160 
Fermentation, 39, 169 
Fischer, Emil, 174, 175, 176, 195, 
299, 303 

Fittig, R., 175, 396 
Fittig’s synthesis, 193 
Fluoran, 282 
Fluorbenzene, 228 
Fluorene, 196 
Fluorescein, 282, 283 
Fltirscheim, B., 258 
Fodor, Andor, 304 
Formaldehyde, 73, 77, 82, 166 
Formic acid, 90, 93, 94 
Formulas, empirical, 429 
Formyl chloride, 101, 244, 388 
Frankfurter, Fritz, 270 
Frankland, E., 4, 385 
Franklin, E. C., 143, 144 
Freezing-point constant, 434 
French, H. E., 383 
Friedel, A., 386 

Friedel and Crafts reaction, 193, 
196, 201, 386 
Fructose, 161 
Fruit sugar, 161 
Fulminates, 137, 141 
Fumaric acid, 128, 131 
Fusel oil, 41 

Gabriel, S., 398 

Gabriel's synthesis, 68, 253, 398 
Galactose, 157, 158, 162 
Gallic acid, 239 
Gambarjan, S., 269 
Gas laws, 430 
Gasoline, 20 

Gattermann, Ludwig, 392 
Gattermann’s reaction, 244 


Geiger, L., 318 

General organic reactions, 351 

Geneva system, 18, 26, 73 

Geometrical isomers, 43, 226, 244 

Geraniol, 337 

Gliadin, 297 

Globulins, 307 

Glucose, 39, 149, 157, 161 

Glutamic acid, 293, 297, 306 

Glutaric acid, 119 

Glutelins, 307 

Glyceric acid, 49 

Glycerol, 48, 49, 94 

Glycerol monoformin, 94 

Glycerophosphoric acid, 109 

Glycine, 293, 294, 300, 306, 399 

Glycogen, 160, 166, 167 

Glycogenase, 171 

Glycol aldehyde, 47 

Glycols, 47 

Glycoproteins, 307 

Glycylalanyltyrosine, 303 

Glycylglycine, 302 

Glyoxal, 47 

Glyoxalic acid, 47, 173 

Glyoxylic acid, 308 

Goldschmidt, Stefan, 270 

Gomberg, M., 197, 263, 266, 268, 392 

Graebe, 284 

Grape sugar, 160 

Greenberg, David, 301, 309 

Griffith, Esther, 383 

Grignard, M. V., 375 

Grignard reaction, 76, 197, 375 

Grignard reagent, 75, 375 

Guaiacol, 237 

Guanidine, 128, 138 

Guanine, 177, 178, 179, 181 

Gulose, 157, 159 

Guncotton, 168 

Gustavson, G., 390 

Haemoglobin, 291, 307 
Hale, William J., 232 
Hantzsch, A., 225 
Harrington, C. R., 293 
Haworth, W. N., 150, 163 
Heats of combustion, 34 
Heilbron, I. M., 167 
Helianthin, 273 
Helicin, 134 
Hemimellitene, 194 
Hemiterpenes, 335 
Hendess, H., 398 
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Heneicosane, 10 
Henriques, V., 298, 299 
Hentriaeontane, 10 
Heptane, 10 
Heptyl alcohol, 42 
Heptyl bromide, 59 
Heptyl chloride, 59 
Heptyl iodide, 59 
Heptylene, 21 
Hexabiphenylethane, 267 
Hexachloroethane, 63 
Hexacontane, 10 
Hexadecane, 367 
Hexadecylic acid, 98 
Hexaethylbenzene, 194 
Hexahydrobenzene, 182 
Hexahydrocymene, 336 
Hexahydrophthalic acids, 183, 184 
Hexamethylbenzene, 194 
Hexamethylene, 182 
Hexamethylenetetramine, 75 
Hexamethyltriaminotriphenyl- 
methane, 277 
Hexane, 10 

Hexaphenylethane, 266 
Hexaphenylsilicoethane, 270 
Hexoses, 155 
Hexyl alcohol, 42 
Hexyl bromide, 59 
Hexyl chloride, 59 
Hexyl iodide, 59 
Hexylene, 21 
Hibbert, E., 378 
Hill, H. B., 176 
Hinsberg, O., 68 
Hirst, C. T., 380 
Hirst, E. L., 150 
Histidine, 293 
Histones, 307 
Hofmann, A. W., 318 
Hofmann rearrangement, 214, 412, 
423 

Hofmeister, F., 299 
Holleman, A. F., 258 
Holmes, E. L., 261 
Homology, 3 
Hudson, C. S., 150, 163 
Hufferd, R. W., 265 
Hunter, Andrew, 301 
Hydrazines, 229 
Hydrazobenzene, 211 
Hydrazoic acid, 415 
Hydrazones, 150 
Hydrobenzamide, 244 


Hydrobenzoin, 423 
Hydrocarbons, 9; acetylene series, 
28; aromatic series, 185; ethyl- 
ene series, 21 ; methane series, 9 
Hydrocyanic acid, 75 
Hydrogen cyanide, 137 
Hydrolysis, 351; of amides, 114, 
355 ; of anhydrides, 103, 351 ; of 
cyanides, 247, 355; of disaccha- 
rides, 162, 351 ; of esters, 105, 108, 
353 ; of isocyanates, 142 ; of iso- 
cyanides, 140; of organo-magne- 
sium compounds, 14, 76, 376, 381 ; 
of paraffin polyhalides, 243; of 
polypeptides, 305, 353 ; of prote- 
ins, 292, 304 ; of zinc alkyls, 385 
Hydroquinone, 238, 239, 362 
Hydroxamic acid, 413 
Hydroxy acids, 117, 129, 381 
Hydroxyacetic acid, 90 
Hydroxyazobenzene, 272 
Hydroxybenzoic acid, 250 
Hydroxy cinnamic acid, 350 
Hydroxyglutamic acid, 293 
Hydroxylamine, 80, 363 
Hydroxypropionic acid, 117 
Hypnone, 245 

Hypoxanthine, 177, 179, 181 

Idose, 159 
Imidazole, 180 
Indanthrene, 285 
Indican, 286 
Indigo, 286, 287 
Indigo white, 287 
Indigoid dyes, 286, 288 
Indoxyl, 286 
Ingold, C. K., 261, 407 
Inulase, 171 
Inulin, 166, 167 
Invertase, 162, 171 
Iodine value of fats, 108 
Iodoacetic acid, 90 
Iodobenzene, 205 
Iodoform, 32, 61 

Ionization constants, of acids, 90; 

of bases, 70 
Ionone, 338 
Irone, 339 
Irvine, J. C., 150 
Isoamyl bromide, 59 
Isoamyl chloride, 59 
Isoamyl ether, 54 
Isoamyl iodide, 59 
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Isoamylamine, 71 
Isoborneol, 348 
Isobornylaeetate, 348 
Isobutyl alcohol, 41 
Isobutyl bromide, 59 
Isobutyl carbinol, 42 
Isobutyl chloride, 59 
Isobutyl ether, 54 
Isobutyl iodide, 59 
Isobutyl nitrate, 111 
Isobutyl nitrite, 111 
Isobutylacetonitrile, 140 
Isobutylamine, 71 
Isobutylene, 21 
Isobutyraldehyde, 73 
Isobutyric acid, 361 
Isocrotonic acid, 99 
Isocyanates, 137, 141 
Isocyanides, 137, 139 
Isoeyanuric acid, 142 
Isodibromosuccinic acid, 132 
Isoelectric point, 310 
Isoeugenol, 349 
Isoleucine, 293, 296 
Isolinolenic acid, 108 
Isomerism, 3, 14, 24, 42, 183 
Isonicotinic acid, 316 
Isonitroso compounds, 364 
Isoprene, 33 
Isopropyl alcohol, 366 
Isopropyl bromide, 59 
Isopropyl chloride, 59 
Isopropyl ether, 54 
Isopropyl iodide, 59 
Isopropyl ketone, 73 
Isopropyl nitrate, 111 
Isopropyl nitrite, 111 
Isopropylacetonitrile, 140 
Isopropylamine, 71 
Isopropylethylene, 21 
Isoquinoline, 315 
Isosuccinic acid, 124 
Isovaleraldehyde, 73 
Isovaleric acid, 90 

Johnson, Treat B., 180 
Jones, D. I., 150 
Jordan, O., 418 

Kekuld, August, 187, 190, 191 
Kendall, E. C., 293 
Kerosene, 20 
Ketenes, 72, 86 
Ketoheptylic acid, 360 


Ketones, 72 ; aliphatic, 72 ,* aro- 
matic, 242, 245 ; nomenclature of, 
73; oxidation of, 78, 360; reduc- 
tion of, 365 
Ketonic acids, 383 
Ketoses, 147, 152 
Kiliani, H., 156 
Kipping, F. S., 389 
Klarmann, Emil, 301 
Kohler, E. P., 384, 397 
Komppa, G., 347 

Lachman, Arthur, 245, 421, 422 

Lactams, 116 

Lactase, 171 

Lactic acid, 43, 117, 146 

Lactide, 117 

Lactones, 156 

Lactose, 165 

Ladenburg, A., 191, 318, 320 
Lsevulose, 161 
Lamparter, Walter, 418 
Lange, Hans, 418 
Lard, 108 

Latimer, W. M., 260 
Leach, J. V., 150 
Lead tetraphenyl, 270, 383 
LeBel, J. A., 46 
Lecithins, 109, 110 
Lecithoproteins, 307 
Leucine, 293, 295, 306 
Lewis, G. N., 288 
Liebermann, C., 284 
Liebig, Justus, 245 
Limonenes, 343 
Linalool, 337 
Linoleic acid, 108 
Linoleum, 108 
Linseed oil, 108 
Lipase, 170 
Lithium carbide, 31 
Lithol red, 273 
Long, C. W., 150 
Lossen rearrangement, 413 
Lysine, 293 
Lyxose, 155 

Mabery, C. F., 19 
McCoy, H. N., 270 
Magenta, 279 
Magnesium pinacolate, 78 
Malachite green, 276, 361 
Maleic acid, 128, 131, 132 
Malic acid, 425, 426 
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Malonic acid, 88, 119, 121, 122, 172, 
391 

Malonic ester, 122, 295, 393, 407, 
411 

Malonyl urea, 172, 174 
Maltase, 171 
Maltose, 165 
Mannitol, 49 
Mannose, 161 
Margaronitrile, 140 
Margarylmethyl ketone, 98 
Markwald, W., 134 
Medicus, 174, 175 
Meis, Helmut, 418 
Meisenheimer, Jacob, 418 
Meissner, G., 135 
Mendelejeff, D., 19 
Menthane, 336, 345 
Menthol, 343 
Menthone, 344 
Mer cap tans, 51, 104 
Mercuric formate, 93 
Mercury biphenyl, 383 
Mercury fulminate, 142 
Mercury mercaptide, 51 
Mesidine, 223 
Mesityl oxide, 394 
Mesitylene, 86, 194, 195, 219 
Mesitylenic amide, 219 
Mesotartaric acid, 132, 135 
Mesoxalic acid, 173 
Mesoxalyl urea, 173 
Metacetaldehyde, 85 
Metaproteins, 307 
Methane, 9, 12, 34, 370 
Methanol, 39 
Methionine, 293 
Methyl alcohol, 39, 42, 96, 358 
Methyl benzoate, 402 
Methyl bromide, 59, 193 
Methyl chloride, 11, 59 
Methyl chloroform, 63 
Methyl cyanide, 114, 14=0 
Methyl hydrogen sulfate, 113 
Methyl iodide, 59 
Methyl nitrate, 111 
Methyl nitrite, 111 
Methyl sulfate, 113 
Methyl toluidine, 423 
Methyl violet, 277 
Methylacetanilide, 221 
Methylacrylic acid, 99 
Methylamine, 64, 70, 71 
Methylaniline, 221, 230 


Methylecgonine, 327 
Methylene chloride, 11, 60, 63 
Methylene iodide, 60 
Methylethyl ether, 54 
Methylethyl ketone, 73, 74, 364 
Methylethylacetic acid, 90, 410 
Methylethylacetonitrile, 140 
Methylethylethylene, 21 
Methylglucosides, 161 
Methylhexyl ketone, 73 
Methylisocyanate, 414 
Methylisopropyl carbinol, 42 
Methylisopropyl ether, 54 
Methylisopropylbenzene, 234, 336 
Methyloctyl ketone, 73 
Methylphenyl carbinol, 428 
Methylphenyl hydrazine, 230 
Methylpiperidine, 324 
Methylpropanoic acid, 92 
Methylpropyl carbinol, 42 
Methylpropyl ether, 54 
Methylpropyl ketone, 73 
Methylpyridine, 319 
Methylpyridine hydroiodide, 316 
Methylpyridinium iodide, 316 
Methylpyrrolidine, 324 
Methylpyrrolidinepyridine, 321 
Meyer, Victor, 263, 431 
Michael, Arthur, 421, 422 
Michler’s ketone, 223, 277, 390 
Milk sugar, 162 
Millon’s reaction, 308 
Molecular weights, from boiling- 
point’ measurements and freezing- 
point measurements, 433; from 
osmotic-pressure measurements, 
435; from vapor-density meas- 
urements, 429, 431; from vapor- 
pressure measurements, 433 
Monoethyl oxalate, 124 
Monoformin, 50 
Monomethylaniline, 423 
Monosaccharides, 147 
Moore, B., 167 
Morphine, 329 
Moser, A., 380 
Mucic acid, 162 
Mueller, J. H., 293 
Mustard gas, 22 
Mutarotation, 148 
My coderma aceti , 96 
Myrieyl alcohol, 98 
Myricyl palmitate, 98 
Myristonitrile, 140 



464 


THE CARBON COMPOUNDS 


Naphthalene, 199 

Naphthalenesulfonic acids, 207, 23 5 
Naphthols, 220, 235 
Naphtholsulfonic acids, 236 
Naphthoquinoline, 316 
Naphthylamines, 219, 235, 316 
Naphthylaminesulfonic acids, 220 
Nef, John XL, 141, 422 
Nicolet, B. H., 422 
Nicotine, 320, 321 
Nicotinic acid, 316 
Nitric esters, 111 
Nitriles, 92, 139, 207, 367, 370 
Nitroaniline, 424 
Nitrobenzene, 208, 211, 212, 261 
Nitrobenzoic acids, 248 
Nitrocellulose, 168 
Nitrochloroform, 62 
Nitroethane, 111 
Nitroglycerine, 112 
Nitroguanidine, 128 
Nitroraethane, 111 
Nitronaphthalene, 200, 220 
Nitrosobenzene, 210, 214, 363 
Nitrosodimethylaniline, 224 
Nitrosophenol, 238 
Nitrosyl bromide, 427 
Nitrosyl chloride, 110 
Nitrotoluenes, 209 
Nitrous esters, 110 
Nomenclature, of acids, 92, 99; of 
alcohols, 38; of aldehydes, 72; 
of hydrocarbons, 17, 25, 32; of 
ketones, 73; of nitriles, 1'4 0; of 
purines, 177 ; of pyrimidines, 180 
Nonyl alcohol, 42 
Novocaine, 325, 328 
Noyes, W. A., 40, 265 
Nucleic acid, 305 
Nuclein, 305 
Nucleoproteins, 305, 307 

Octane, 10 
Octodecylic acid, 98 
Octyl acetate, 105 
Octyl alcohol, 42 
Octyl bromide, 59 
Octyl chloride, 59 
Octyl iodide, 59 
Octylene, 21 
Olefines, 21 
Oleic acid, 97, 98, 99 
Oleomargarine, 108 
Oleopalmitobutyrate, 107 


Olive oil, 108 

Orientation, methods of determin- 
ing, 254 

Orndorff, W. R., 86 

Osazones, 150 

Osborne, T. B., 293, 301 

Osmotic pressure, 435 

Ostromisslensky, 190 

Oxalic acid, 47, 94, 119, 125, 172 

Oxalurie acid, 173 

Oxalyl urea, 172 

Oxamic acid, 125 

Oxamide, 125 

Oxanilide, 418 . 

Oxidation, 356 ; of alcohols, 96, 243, 
245, 247, 357; of aldehydes, 78, 
247, 359 ; of amines, 359 ; of hy- 
drocarbons, 28, 198, 244, 247, 356, 
361 ; of hydroxylamine deriva- 
tives, 363 ; of ketones, 78, 360 ; of 
oximes, 364 ; of phenols, 362 ; of 
unsaturated compounds, 28, 362 
Oximes, 80, 244, 364 
Oxyhydroquinone, 240 
Oxyproline, 293, 298 
6-Oxypurine, 177 

Palmitic acid, 97, 98, 367 
Palmitonitrile, 140 
Palmitylmethyl ketone, 98 
Para-aminophenol, 213, 424 
Parabanic acid, 172, 173 
Paracetaldehyde, 84, 85 
Paraffin polyhalides, 63 
Paraffin wax, 20 
Paraffins, 9 

Pararosaniline, 278, 280 
Partial valence, 191, 371 
Pasteur, M. L., 45, 134, 169 
Peat, Stanley, 150 
Pentachloroethane, 63 
Pentahydroxypimelic acids, 157 
Pentamethylbenzene, 194 
Pentamethylenediamine, 313 
Pentamethyltriaminotriphenyl- 
methane, 277 
Pentane, 10, 16 
Pentoses, 147, 151 
Pepsin, 170, 171 
Peptides, 307 
Peptones, 307 
Perkin, Wm. H., 284, 395 
Perkin's reaction, 350, 395 
Peters, F. M., Jr., 383 
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Petroleum, 19 
pH, 91 

Phenanthraquinone, 203 
Phenanthrene, 201, 202, 203 
Phenolphthalein, 281 
Phenols, 208, 231, 272, 362, 370 
Phenolsulfophthalein, 249 
Phenyl salicylate, 250 
Phenylacetic acid, 198 
Phenylacetylene, 198 
Phenylalanine, 293, 296, 306 
Phenylanisylketoxime, 417 
Phenylbutyric acid, 198 
Phenylchloroamine,.217 
Phenyldibiphenylchloromethane, 

266 

Phenylenediamine, 424 
Phenylethyl alcohol, 243 
Phenylgly ceric acid, 363 
Phenylgly cine-o-carb oxyli c acid, 286 
Phenylhydrazine, 81, 229, 424 
Phenylhydrazones, 81, 150, 368 
Phenylhydroxylamine, 212, 214, 423 
Phenylhydroxypivalic acid, 396 
Phenyliso cyanide, 61 
Phenylmethylacrylic acid, 396 
Phenylnitramine, 424 
Phenylpyridine, 317 
Phenylpyridine dicarboxylic acid, 
317 

Phenyltolylketone, 416 
Phenyltolylketoxime, 416 
Phloroglucin, 240 
Phloroglucinol, 240 
Phorone, 394 
Phosgene, 101, 276 
Phosphines, 71 
Phosphoproteins, 307 
Phthalamic acid, 248 
Phthaleins, 281 
Phthalic acid, 199, 200, 252 
Phthalic anhydride, 253 
Phthalimide, 248, 253 
Phthalyl chloride, 253 
Picoline, 319, 320 
Picolinic acid, 316, 317 
Picramide, 233 
Picric acid, 210, 233 
Picryl chloride, 233 
Pimelic acid, 119 
Pinacol rearrangement, 419 
Pinacoline, 420 
Pinacolone, 420 
Pinacols, 78, 365, 419, 420 


Pinacone, 420 
Pinane, 345 
Pinene, 345, 346, 348 
Piperic acid, 332, 333, 349, 363 
Piperidine, 332 
Piperine, 332 
Piperonal, 332, 349 
Piperonylic acid, 332, 333 
Plimmer, R. H. A., 296 
Polar number, 5, 6 
Polybasic acids, 119, 252 
Polymethylenes, 182 
Polypeptides, 300, 302, 353 
Polysaccharides, 147, 166 
Ponceau 2 R, 273 

Porter, C. W., 167, 246, 260, 270, 
432 

Potassium carbazole, 201 
Potassium phthalimide, 398 
Prahl, W., 76 
Pratt, L. S., 104 
Priestly, J. H., 167 
Prolamins, 307 
Proline, 293, 298, 306 
Propane, 10, 34 
Propargyl alcohol, 51 
Propionaldehyde, 73, 77 
Propionic acid, 90, 123, 409 
Propionitrile, 140 
Propionopropionic ester, 403 
Propyl alcohol, 42 
Propyl bromide, 59 
Propyl chloride, 59 
Propyl iodide, 59 
Propyl nitrate, 111 
Propyl nitrite, 111 
Propylamine, 71 
Propylbenzene, 194 
Propylene, 21, 27, 34 
Propylethylene, 21 
Propylidene chloride, 63 
Propylpiperidine, 319 
Protamines, 307 
Proteans, 307 

Proteins, 291, 304, 307; classifica- 
tion of, 306; hydrolysis of, 292, 
304 ; qualitative reactions of, 308 ; 
salts of, 309, 310; structure of, 
299 

Proteoses, 307 
Protocatechuic acid, 333 
Prussic acid, 137 
Pseudocumene, 194 
Pseudo-ionone, 338 
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Ptyalin, 171 
Pulegone, 343 
Pummerer, Rudolf, 270 
Purines, 172, 176, 180, 305 
Pyridine, 312, 313, 315 
Pyrimidines, 180, 305 
Pyrocatechol, 236, 237 
Pyrogallol, 239 
Pyroligneous acid, 96 
Pyrrole, 313, 314 
Pyrrolidine carboxylic acid, 298 
Pyrroline, 314 

Quaternary ammonium salts, 66 
Quinhydrone, 239 
Quinine, 330 
Quinol, 236, 238 
Quinoline, 314, 315 
Quinone, 238, 239, 362 
Quinotoxine, 331 

Racemic acid, 131 
Racemization, 135 
Racky, G., 270 

Radicals, acyl, 92; alkyl, 12; aryl, 
192; free, 266 
Raffinose, 162 

Ramsperger, H. C., 167, 246, 366 

Raoult’s law, 433 

Raschig, F., 76 

Rate equations, 352, 354 

Rather, J. B., 365 

Rayon, 168 

Rearrangements, Beckmann, 415; 
benzil, 422; Curtius, 415; Hof- 
mann, 412, 423; Lossen, 413; 
pinacol, 419 ; Stieglitz, 414 ; Wal- 
den, 425 

Reduction, 365; of acetylene, 369; 
of acids, 366; of acid chlorides, 
367; of alcohols, 366; of alde- 
hydes, 365; of alkyl halides, 369 ; 
of aryl halides, 370 ; of azo com- 
pounds, 367; of azo dyes, 367; 
of carbon dioxide, 370 ; of carbon 
monoxide, 370; of cyanides, 370; 
of esters, 367; of ethylene, 369; 
of ketones, 246, 365; of nitriles, 
367, 369; of nitro compounds, 
368; of phenols, 370; of phenyl- 
hydrazones, 368 
Reichert-Meissel number, 108 
Reid, E. E., 104, 365 
Reimer, M., 384 


Relative asymmetry, 184 
Rennin, 171 
Renning, J., 270 

Resolution of racemic compounds, 
133 

Resorcinol, 236, 237 
Reten, 203 
Rhamnose, 146 
Rhodamine B, 282 
Ribose, 153, 155, 158 
Robertson, T. B., 305 
Robinson, R., 261 
Rochelle salt, 131 
Rosaniline, 278 
Rosaniline-blue, 280 
Rosanoff, M. A., 160 
Rosenheim, Arthur, 378 
Rosin, 340 
Rosolic acid, 280 
Routala, O., 347 
E-salt, 289 
Rubber, 33 

Sabatier, Paul, 365, 367, 369 
Saccharin, 249 
Sachs, Frantz, 376 
Sachs, Ludwig, 376 
Salicin, 250 

Salicylic acid, 250, 251 
Sallmann, T., 330 
Salol, 250 

Sandmeyer, T., 227 

Saponification of fats, 109 

Schiff s reagent, 82 

Schlenk, W., 270 

Schmidt, C. L. A., 301, 309 

Schotten-Baumann reaction, 247 

Schroeter, G., 76, 422 

Schryver, S. B., 84 

Schulz, Edith, 270 

Scopolamine, 325 

Scurvy, 311 

Sebacic acid, 119 

Seidlitz powder, 131 

Semiacetal, 149, 150 

Semicarbazide, 82 

Semidine, 214, 215 

Senderens, J. B., 182, 365, 367, 369 

Serine, 293, 296, 306 

Sesquiterpenes, 335 

Shale, 20 

Sherman, H. C., 311 
Silver acetylide, 30 
Silver formate, 93 
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Silver persulfate, 362 
Singer, Ludwig, 378 
Smith, J. F., 269 
Smith, S. L., 311 
Soaps, 109 
Sodium amide, 143 
Sodium azide, 415 
Sodium benzoate, 247 
Sodium benzylate, 402 
Sodium carbide, 31 
Sodium cellulose xanthate, 168 
Sodium ethylate, 36, 168 
Sodium formate, 93 
Sodium mercaptide, 51 
Sodium oxalate, 93 
Sodium salicylate, 250 
Sodium stannate, 211 
Sodium stannite, 211 
Sodium toluate, 193 
Sodium xanthate, 168 
Sorbitol, 49 
Sorbose, 159 

Sorensen, S. P. L., 298, 299, 398 

Specific rotation, 149 

Spermaceti, 98 

Stafford, O. F., 144 

Starch, 40, 146, 160, 166 

Stark, J., 428 

Staudinger, H., 87, 245 

Steapsin, 171 

Stearic acid, 97, 98 

Stearonitrile, 140 

Steel, Carolyn, 246, 366 

Steele, B. D., 390 

Stereoisomerism, 43, 129 

Steric hindrance, 263, 354 

Steric influences, 254 

Stewart, A. W., 191 

Stewart, T. D., 412 

Stieglitz, Julius, 259, 414 

Stieglitz rearrangement, 414 

Structural rearrangements, 412-428 

Structure and color, 288 

Strychnine, 134, 328 

Suberic acid, 119 

Succinamic acid, 126 

Succinamide, 126 

Succinic acid, 119, 121, 124, 126 

Succinic anhydride, 397 

Succinic ester, 391 

Succinimide, 126 

Sucrose, 162, 163 

Sudborough, J. J., 378 

Sugars, 146-166 


Sulfanilic acid, 238 
Sulfinic acids, 389 
Sulfobenzoic acid, 249 
Sulfobenzoic anhydride, 249 
Sulfonic acids, 206 
Sulfuric esters, 112 
Svedberg, T., 292 

Talose, 158 

Tartaric acids, 129, 130 
Tartronic acid, 49 
Tautomerism, 176, 239 
Terephthalic acid, 198 
Terpenes, 335-348 
Terpin, 340 

Terpineol, 340, 341, 342, 346 
Terpinolene, 346 
Tetraanisylhydrazine, 269 
Tetrabromoethane, 29, 201 
Tetrachloromethane, 63 
Tetradecane, 10 

T etradimethylaminophenylhydra- 
zine, 269 

Tetramethyl glycol, 78 
Tetramethyl pinacol, 78, 419 
Tetramethylammonium chloride, 
270 

T etramethyldiaminobenzophenone, 
276, 277 

T etramethyldiaminotriphenyl- 
methane, 276 

Tetraphenylethylene, 197, 288 
Tetraphenylmethane, 197 
Tetroses, 147 
Theobromine, 177, 178 
Theophylline, 177 
Thermochemical relations, 33 
Thiele, J., 191 
Thiocarbonic acid, 127 
Thioesters, 104 
Thioindigo, 287 
Thioindigo white, 287 
Thiourea, 127, 138 
Thrombin, 171 
Thurber, Francis, 270 
Thymine, 180 
Thymol, 234, 344 
Thyroxine, 293, 298 
Tiffeneau, M., 420 
Tin tetraphenyl, 383 
T. N. T., 210 
Tolidine, 274 
Tollen’s reagent, 79, 80 
Toluene, 193, 194, 387 
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Toluenesulfonie acid, 249 
Toluic acid, 198, 252, 263 
Toluidines, 218, 223 
Tolylphenylketoxime, 416 
Torrey, H. A., 232 
Triaminotriphenylmethane, 275 
Tribromoaniline, 262 
Tribromobenzene, 205 
Tribromomesitylene, 205 
Tribromoresorcinol, 237 
Trichloroacetaldehyde, 60, 389 ■ 
Trichloroacetic acid, 90, 116 
Trichlorobenzene, 204 
Trichloropurine, 176, 178, 179 
Tricosane, 10 
Triethylamine, 70 
Trigonelline, 321 
Trihydric phenols, 239 
Trihydroxybenzene, 239, 240 
Trihydroxyglutaric acid, 153 
Trimethyl carbinol, 42 
Trimethylacetaldehyde, 73 
Trimethylacetic acid, 90 
Trimethylacetonitrile, 140 
Trimethylamine, 7, 70 
Trimethylarsine, 383 
Trimethylbenzoic acid, 264 
Trimethylene chloride, 63 
Trimethylethylene, 21 
Trimethylphenylacetic acid, 264 
Trinitroaniline, 144 
Trinitrobenzoic acid, 264 
Trinitrochlorobenzene, 210 
Trinitrophenol, 144 
Trinitrophenylmethylnitroamine, 
223 

Trinitrotoluene, 209 
Trinitrotriphenyl carbinol, 275 
Triolein, 107 
Trioses, 147 
Trioxypurine, 177 
Tripalmitin, 107 
Triphenyl carbinol, 361, 377 
Triphenylacetic acid, 377 
Triphenylamine, 222 
Triphenylbromomethane, 197 
Triphenylchloromethane, 266, 382 
Triphenylisoxazole, 419 
Triphenylmethane, 196, 268, 275, 
361, 382, 387 

Triphenylmethane dyes, 288 
Triphenylmethyl, 266, 267, 268 
Triphenylmethyl chloride, 266 
Triphenylmethyl peroxide, 266 


Triphenylmethylazide, 415 
Triphenylmethylazobenzene, 197 
Triphenylmethylbromoamine, 414 
Triphenylmethyldichloroamine, 414 
Triphenylmethylhydrazobenzene, 
197 

Triphenylmethylhydroxylamine, 

414 

Triphenylphosphine, 383 
Tristearin, 107, 108 
Tropic acid, 322 
Tropidine, 324, 326 
Tropine, 322, 323, 324, 325 
Tropinone, 325 
Trypsin, 170, 171 
Tryptophane, 293, 298 
Tschelinzeff, Q., 376 
Turpentine, 340 
Tuttle, J. R., 377 
Tyrosine, 262, 293, 296 

Undecanaldehyde, 73 
Undecane, 10 
Unimolecular law, 352 
Uracil, 180, 181 
Urea, 102, 126, 138, 144, 172 
Urethane, 102 
Uric acid, 174, 177 
Usher, F. L., 167 
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